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Multiple functional fabrics not only provide essential functions for dressing, but 
also offer additional functions and special properties such as superhydrophobicity, 
superamphiphilicity, oil absorption capacity, and directional-oil transport. This 
PhD project is focused on functional fabrics with novel multiple superwettability, 
which has special wettability properties, including their preparation and novel 
property. Multiple superwettability is special wettability or varied superwettability 
combination. Specifically, the research consisted of three main parts. 
Magnet-responsive, superhydrophobic fabrics: A magnetic, superhydrophobic 
fabric was prepared using a two-step coating treatment. Fabric substrate was pre-
treated to have a thin layer of polydopamine (PDA) on surface, and subsequently 
to apply hydrophobic Fe3O4 nanoparticles onto the surface. The coated fabric 
showed a water contact angle of 156° and sliding angle of 5°. The coated fabric had 
a superoleophilic surface. It can be used for oil absorption and recovery. We 
showed that the presence of PDA pre-coating significantly improved the adhesion 
of hydrophobic Fe3O4 nanoparticles on fabric surface. The magnetic feature enables 
the coated fabric to approach oil drops under the actuation of a magnetic field. The 
fabric was reusable for 10 cycles without losing the surface feature.  
Amphibious superamphiphilic fabrics with self-healing underwater 
superoleophilicity: A novel strategy has been developed to prepare a 
superamphiphilic fabric that works simultaneously in air and underwater 
environment. A polyester fabric was used as substrate, and a specially designed 
polymer, which is crosslinkable and consists of both hydrophilic and oleophilic 




coating to apply the coating materials onto fabric substrate, the fabric showed a 
contact angle (CA) of 0° for water. Water can spread completely into the fabric 
within 1 second. To examine the oleophilicity, sixteen types of commonly used oil 
fluids (all water-immiscible with surface tension of 18.4-50.8 mN/m) were chosen 
for superoleophilic test. No matter whether the surface was dry (in air), pre-wetted 
with water, or immersed in water, it showed a CA of 0° for these oils. In water, the 
oil fluids can spread on the fully water wetted fabric within 1 minute. Different to 
the previously reported underwater superoleophilic surfaces, such an amphibious 
superamphiphilic fabric allows oil spreading in underwater environment through a 
competitive repulsion mechanism. More interestingly, the coating showed a self-
healing ability to restore the underwater superamphiphilicity after being damaged 
by a chemical method (e.g. oxygen plasma treatment or UV irradiation), because 
after heating, functional moleculescan migrate onto the surface. As a demonstration, 
the amphibious superamphiphilic fabric was used for recovery of oil from water. 
No matter whether the fabric was at dry or pre-wetted state, it showed a similar oil 
absorption capability. Such high resilience against moisture environment will 
benefit its practical applications. 
Novel, precondition-free, underwater directional oil-transport, in air 
superamphiphilic fabric: A novel concept has been developed to prepare 
underwater directional oil transport (UW-DOT) fabric. A two-step treatment 
method was employed to apply a crosslinkable polymer material, which composes 
of hydrophilic and oleophilic functional groups, onto fabric substrate. The polymer 
material was consists of mixing glycerol propoxylate triglycidyl ether with 
octadecylamine. The coated fabric showed amphibious superamphiphilicity with 




crosslinkable polymer material. The co-existence of hydrophilic and oleophilic 
functionality plays a key role in achieving the amphibious superamphiphilicity. 
After 2 hours of UV irradiation, the fabric showed UW-DOT, though the fabric still 
remained in-air superamphiphilicity. UW-DOT functioned just by immersing the 
treated fabric in water, without pre-wetting with oil. Because of the underwater 
superamphiphilicity, no plastron layer water formed on the fabric when it was 
immersed in water. Such a UW-DOT can be used for water-oil separation. When 
oil is collected by the collector sealed with underwater directional oil transport 
fabric, oil can be locked into the collector without second time release.  
 
This thesis consists of seven chapters. Chapter 1 describes the significance of this 
PhD research project, knowledge gaps, special aims, and thesis outline. Chapter 2 
reviews the relevant literatures on wetting of surface, superhydrophobicity, 
superhydrophilicity, dopamine based coating, underwater superwettablilty, and 
gradient wettability. Chapter 3 introduces materials, experimental details, and 
characterisation instruments. In Chapter 4, detailed the results about magnet-
responsive, superhydrophobic fabrics from waterborne, fluoride-free coatings. 
Chapter 5 reports on amphibious superamphiphilic fabrics with self-healing 
underwater superoleophilicity. Chapter 6 describes novel, precondition-free, 
underwater directional oil-transport, yet in air superamphiphilic fabrics. Chapter 7 







Chapter 1 Introduction 
1.1 Significance of this work 
Multiple functional fabrics not only provide essential functions for dressing, but 
also offer additional functions and special properties such as superhydrophobicity, 
superamphiphilicity, oil absorption capacity, and directional-oil transport.  
Superwettability such as superhydrophobic, superhydrophilic, superoleophobic, 
and superoleophilic have attracted great interests. If superwettability combines with 
other functions, the multifunctional superwettability can be used for their potential 
and current applications. 
This project aims to prepare multiple functional superwettability fabrics. The 
experimental works consisted of three main parts. In the first part, magnet-
responsive, superhydrophobic fabrics have been developed. The coating is 
waterborne, fluoride-free. Such a magnet-responsive superhydrophobic fibrous 
material may be useful for oil recovery and water purification. In the second part, 
an amphibious superamphiphilic fabrics have been developed. The fabric shows 
both superhydrophilicity and underwater superoleophilicity. Such unusual 
superamphiphilicity may offer novel properties and applications in diverse fields. 
In the last part, underwater directional oil-transport superamphiphilicity fabrics 
have been developed. The fabric is precondition-free (UW-DOT functioned just by 
immersing the treated fabric in water, without pre-wetting with oil). This 
precondition-free, underwater directional oil-transport fabric may be useful for 
development of advanced oil recovery devices. The knowledge gaps and specific 




1.2 Knowledge gaps and special aims of the PhD project 
Superhydrophobic surfaces have shown wide applications in anti-corrosion, 
oil/water separation, drag-reduction, self-cleaning, anti-fogging, and anti-icing. 
They can be fabricated by forming a nano-/microstructure with low surface energy 
on substrates. Several methods have been developed to prepare superhydrophobic 
surfaces, using a method such as self-assembly [1], electrospinning [2], vapor 
deposition [3], plasma treatment [4], etching [5], lithography [6], or wet-chemical 
coating [7]. However, most of the wet-chemical methods involve the use of organic 
solvents, which not only increase cost but also cause safety and environmental 
issues. 
Apart from organic solvents, fluorinated chemicals, particularly for those 
containing perfluoroalkyls more than eight carbon-chain length, are widely 
concerned because of the potential bioaccumulation and high price. Development 
of fluoride-free materials for superhydrophobic treatment is highly desirable.  
Superhydrophobic porous materials with an oleophilic surface have potential 
applications in oil-water separation and recovery of oil from water. When an oil-
water mixture contacts with a superhydrophobic-oleophilic surface, water is 
repelled, whereas oil selectively spreads on the surface.  
Recently, magnetic property was reported to combine with superhydrophobicity for 
oil absorption [8]. The introduction of magnetic responsiveness was expected to 
simplify the recovery of the oil absorber and reduce the oil leakage from the 
absorber during collecting with mechanical equipment. However, little has been 




So the knowledge gap 1 is that there is limited knowledge on how to prepare 
durable magnet-responsive, superhydrophobic fabrics by environmentally friendly 
coatings. 
Superamphiphilicity possesses both superhydrophilicity and superoleophilicity 
with a contact angle close to 0° for water and oil fluids, and water and oil fluids can 
spread on the surface in a very short time. Superamphiphilic surfaces have received 
tremendous interest in both academic and industrial areas owing to the novel 
properties and potential applications for self-cleaning, antifogging, liquid 
separation, liquid transport, and fabrication of polymer films. Superamphiphilic 
surfaces were prepared by various methods such as electrospinning [9], coating 
with nanoparticle-containing polymer followed by plasma etching [10], etching and 
oxidation of solid surfaces [11] and dip-coating [12]. 
The above superamphiphilicity works under the condition that the surface is dry 
and exposes to air (also referred to “in air superamphiphobicity”). However, when 
the surfaces are in underwater environment, they most show a diffident wettability. 
Taking cotton as an example, cotton fabrics have a superamphiphilic surface. In 
underwater environment, however, they show a superoleophobic feature. When 
cotton is pre-wetted with oil, it shows a hydrophobic property. A similar underwater 
superoleophobic feature was also reported on other superamphiphilic surfaces. In 
contrast, most of underwater superoleophilic surfaces reported so far show in air 
superhydrophobicity, and the underwater superoleophilicity was realized chiefly 
through a plastron layer formed in water, which allows oil drop to break air bubbles 
easily and wick on surfaces. It still remains a challenge to develop a surface that 
simultaneously possesses superamphiphilicity in air and underwater environments 




To achieve amphibious superamphiphilicity, oil fluid needs to overcome the 
interfacial adhesion between water and solid surface. Because no air bubbles are 
entrapped on surface, the interfacial adhesion between water and hydrophilic 
surface is large. The oil should have stronger interfacial adhesion to the surface 
than water. A novel surface design at a molecular level would facilitate. 
Amphibious superamphiphilicity is expected to enhance the resilience of 
superamphiphilic surfaces against aqueous environments. It should be particularly 
useful for applications in the areas where the oleophilicity frequently is interfered 
with water.  
So the knowledge gap 2 is that it lacks knowledge on how to prepare amphibious 
superamphiphilic coating. 
Directional liquid transport across thin porous media driven by surface properties 
has received much attention owing to the proactive liquid transport capability and 
minimal requirement for external energy input. It shows wide applications in smart 
textiles, surface tension sensor, oil-water separation, fog harvesting, and 
microfluidic devices. 
Two main strategies have been developed to prepare directional fluid transport 
materials, 1) building a wettability gradient along material thickness, and 2) 
forming material fibrous layer with opposite wettabilities.  
Directional oil transport material were prepared using the similar approaches. Due 
to the multiplicity of oil fluids, a directional oil transport fabric usually works 
selectively to the oils with a specific surface tension range. When directional oil 
transport membrane has superhydrophobic properties, they can be used for 




with directional oil transport capability for oil fluids of different surface tension 
were used for estimating surface tension of unknown oil fluids.   
Recently, a few papers have reported directional oil transport in underwater 
environment. However, those underwater directional oil transport properties were 
achieved by requiring either pre-wetting with oil [13, 14] or the existence of a 
plastron layer on the oleophilic surface  [15], due to the different surface 
characteristics. A challenge remains in making an underwater directional oil 
transport porous medium function by just placing in water without oil-pre-wetting, 
plastron layer or any other prerequisites.  
So the knowledge gap 3 is that limited knowledge is available on how to prepare 
precondition-free, underwater directional oil-transport fabric. 
Based on the above knowledge gaps, this PhD project will focus on the following 
three specific aims: 
Specific aim 1: To use dopamine as pre-coating to develop a waterborne, fluoride-
free coatings for superhydrophobic fabrics. 
Specific aim 2: To design a special polymer as coating material, which is 
crosslinkable and consists of both hydrophilic and oleophilic functional groups. 
Specific aim 3: To use amphibious superamphiphilic fabric as substrate followed 
by one-side UV irradiation to introduce underwater superoleophobic layer. 
1.3 Thesis outline 
This thesis consists of seven chapters as outlined below: 




Chapter 2 is the review summary of the relevant literatures on wetting of surface, 
superhydrophobicity, superhydrophilicity, dopamine based coating, underwater 
superwettablilty, and gradient wettability. 
Chapter 3 introduces materials, experimental details, and characterisation 
instruments. 
In Chapter 4, detailed results about magnet-responsive, superhydrophobic fabrics 
from waterborne, fluoride-free coatings. 
Chapter 5 reports on amphibious superamphiphilic fabrics with self-healing 
underwater superoleophilicity. 
Chapter 6 describes novel, precondition-free, underwater directional oil-transport 
on superamphiphilicity fabrics. 
Chapter 7 summarizes the conclusions obtained from this research work and 




Chapter 2 Literature Review 
This chapter summarizes the relevant literature on surface wetting, 
superhydrophobicity, superhydrophilicity, dopamine-based coatings, underwater 
superwettablilty, and directional liquid transport. Technologies for making 
superwetting materials and their functional applications are also summarized. 
2.1 Wetting of surface 
Wetting behaviour is an important property of solid surfaces involving a great 
number of applications in medicine, industry, daily life and agriculture [16-21]. 
Wettability is the tendency of a liquid to adhere to or spread on a solid surface. The 
wetting degree is determined by the intermolecular interaction between the phases 
of solid and liquid, which is indicated by the balance between adhesive and 
cohesive forces. The spreading of a droplet over the surface attributes to the 
adhesive forces, and a droplet avoids spreading over the surface due to cohesive 
forces. If adhesion forces are stronger than cohesive forces, the liquid droplets will 
spread on the solid surface, which is called wetting process. On the contrary, if the 
cohesive forces are stronger than the adhesion forces, the liquid droplets will pull 
themselves together, which is called dewetting process. 
The wetting degree of a solid surface is typically characterized by contact angle 
(CA), which is defined as the angle formed by the intersection of the liquid-solid 
interface and the liquid-vapour interface [22]. The CA of a hypothetical solid 
surface can be defined by the Young's Equation [23]: 
      𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = Ƴsv – Ƴsl 
Ƴlv 




where θ is CA, and Ƴsv, Ƴsl, and Ƴlv are the interfacial free energy of solid/vapour, 
solid/liquid, and liquid/vapour, respectively. A specific system of liquid, solid, and 
vapour has a distinct equilibrium CA at a specific temperature and pressure. Figure 
2.1 shows that the CAs are observed while the droplets spread on a flat, horizontal 
solid surface. A surface that has a CA less than 90o is normally called wettable 
surface, which also referred to as “hydrophilic surface” for water, while greater 
than 90o is considered as “non-wettable”, respectively “hydrophobic” for water. 
Superhydrophilic surface is normally defined as a surface with a water CA nearly 
zero[24]. Superhydrophobic surfaces are those that have static water CAs greater 
than 150° [25]. It is known that lowering the solid surface free energy can increase 
CA. However, even with the lowest surface free energy (n-perfluoroeicosane), the 
water CA of a flat substrate can only reach ~120o [26]. To achieve a water CA larger 
than this value, proper surface roughness is necessary [27]. 
 
Figure 2.1 Illustration of CA formed by liquid droplets on a flat solid surface. 
 
Volger [28] defined that solid surfaces with water CA > 65° are hydrophobic and 
the division of hydrophilicity and hydrophobicity should be 65° rather than 90°. 





Two models are usually adopted to interpret the amplification effect of the 
roughness on CA. One is the Wenzel model [30], in which the liquid contact all 
exposing surface of the solid structure (Figure 2.2a). The apparent CA (θw) of a 
rough surface is defined by the following equation: 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐w =  𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐     (2-2) 
where θ is the Young’s CA, r is the roughness ratio defined as the proportion of 
true area to the apparent area. When θ is less than 90o, θw will be smaller with 
increasing r.  
 
Figure 2.2 A droplet on the rough surface a) Wenzel model and b) Cassie-Baxter 
model. 
 
Another model is the Cassie-Baxter model [31], in whihc the liquid-solid contact is 
discontinued. Air pockets exist under the liquid droplet, as illustrated in Figure 2.2b. 
The apparent CA (θc) in the Cassie-Baxter model can be defined by the equation: 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐c =  𝑓𝑓s𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐s +  𝑓𝑓v𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐v     (2-3) 
where the fs and fv are the area proportions of solid and air, respectively. θs and θv 
are the CAs of water to the solid and vapour. It is important that fs + fv =1, θs = θ, 





𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐c = – 1 + 𝑓𝑓s (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1)     (2-4) 
Combining the roughness ratio, equations (2-2) and (2-4) can be generalised to 
reflect the CAs on a rough surface [32]. Here, r is the ratio of surface roughness. 
𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐c = – 1 +  𝑓𝑓s (𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +  1)     (2-5) 
Apart from static CA, dynamic wetting behaviour is usually characterised by CA 
hysteresis (CAH) or sliding angle (SA) (Figure 2.3). CAH is defined as the 
difference between the advancing CA (θa) (when increasing the droplet volume) 
and the receding CA (θr) (when decreasing the droplet volume) [33]: 
𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑐𝑐a –𝑐𝑐r     (2-6) 
SA is defined as the angle between the horizontal plane and the surface of the 
substrate when a liquid droplet begins to roll off from the surface under the 
influence of its own weight. It is also called roll-off angle. 
 
Figure 2.3 Illustration of advancing and receding CAs, as well as SA. 
 
CAH is normally used as the criterion for sliding performance. The relationships 
between CAH and SA can be described as equation (2-7) [34]. 




where θ is SA, mg is the gravity of water droplet, W is the width of the droplet. 
This equation indicates that SA not only depends on hysteresis value but also on its 
own weight, volume and liquid/vapour interfacial free energy. 
2.2 Superwettability 
2.2.1 Superhydrophobicity 
2.2.1.1 Natural examples about superhydrophobic surfaces 
In nature, plenty of plant surfaces and animal furs show superhydrophobic property 
[35]. When water droplets contact with the surfaces, they bounce and roll off from 
the surfaces, allowing the surfaces to remain in a dry state. 
Lotus leaf 
The lotus leaf is a famous example showing natural superhydrophobic surface [36]. 
A lotus leaf shows water CA of 161 ± 2.7° and SA of 2° [37, 38]. Rain droplets roll 
off from the surface, taking away dirt and dust. Such a self-cleaning phenomenon 
is called “lotus effect” [39]. The outstanding superhydrophobicity is due to the wax 
and micro-nanostructures (Figure 2.4) [40]. 
 
Figure 2.4 a) Photo of a lotus leaf and a water droplet on the surface. b)-c) SEM 






Rice leaf has a similar hierarchical structure to lotus leaf, showing the 
superhydrophobic property. The papillae on the lotus leaf surface are homogeneous. 
However the micropapillae on the rice leaves are anisotropic. The papillae are 
arranged in quasi-one-dimensional order (Figure 2.5), which is parallel to the leaf 
edge [41]. A water droplet is able to flow down along the direction parallel. 
 
 
Figure 2.5 The SEM images of a rice leaf [41]. 
 
Red rose petal 
Different from a lotus leaf, water droplets placed on the red rose petal do not roll 
off easily, even if red rose petal also has a superhydrophobic surface (Figure 2.6). 
Water droplet is pinned on the surface even when the surface is upside down. This 
phenomenon is named “petal effect” [39]. SEM images in Figure 2.6 show that very 






Figure 2.6 a)-b) SEM images of the red rose petal surface. c)-d) Water CA on the 
red rose petal [42]. 
 
Butterfly wing 
Butterfly wing is also one of the famous examples showing directional adhesion 
and superhydrophobicity. Water droplet can fall down easily along the radial 
direction, but it displays very strong adhesion force from the opposite direction [43]. 
This property is attributed to the anisotropic arrangement of nanostructures on the 







Figure 2.7 a) Micro- and b) nanostructures on a butterfly wing surface (Scale bars: 
a) 100 μm; b) 100 nm) [43]. 
 
Water strider legs 
Water striders are able to stand on water because of their non-wetting legs. The 
largest force of a single leg is about 1.52 × 10-3 N. This force is 15 times the weight 
of the strider itself. As shown in the SEM image in Figure 2.8b, water strider leg is 
comprised of many needle-shaped setaes with microstructures and lots of grooves 







Figure 2.8 a) Photo of the water strider on the water surface. b) SEM images of a 
water strider’s leg [44]. 
 
Duck Feather 
Duck can dive quickly in water because of non-wetting feather. The SEM image 
shows that duck feather is comprised of branches in different dimensions (Figure 






Figure 2.9 a) Photo of duct feather. b)-e) SEM images of multiscale structures of a 
duck feather (Scale bars: a) 100 μm, b) 10 μm, c)100 nm, d) 50 nm)[45]. 
 
2.2.1.2 Fabrication of superhydrophobic surfaces 
Based on the above examples, to prepare a superhydrophobic surface, a micro- or 
nano-structure with low surface free energy should be generated. Many methods 




(2) physical, and (3) combining both chemical and physical methods, as 
summarized in Figure 2.10. 
 
Figure 2.10 Conventional fabrication techniques of superhydrophobic surfaces. 
 
Chemical methods 
Conventional chemical methods mainly include self-assembly, electrochemical 
method, sol-gel method, hydrothermal synthesis method, and plasma treatment. 
Self-assembly involves the spontaneous formation of well-organised micro-/nano-
structures from units in nanoscale [46]. Zhou et al [47] fabricated superhydrophobic 
and slippery liquid-infused porous coatings by self-assembly of block copolymers. 
The coated surface showed antibacterial properties. 
Electrochemical methods are normally used to produce micro-/nano-structures of 
conductive materials. Shi et al [48] used this method to deposit nano-Ag on a p-
type silicon wafer. This method is applicable to various substrates and the 
nanostructures could be formed not only from Ag but also from other noble or 
heavy metals. However, the electrochemical reaction was performed in a 




Sol-gel methods are usually described as a method for formation of solid materials 
from small molecules. Basu et al [49] prepared superhydrophobic surfaces via 
hydrophobic silica nanoparticles mixed in a sol-gel system. The 
superhydrophobicity was achieved by optimising the concentration and operational 
parameters. 
Hydrothermal synthesis methods are also very popular for preparing micro-/nano-
structures. Normally, crystallisable substances grow in hot water under high vapour 
pressures. Myint et al [50] fabricated ZnO microrod-deposited superhydrophobic 
surfaces via hydrothermal synthesis methods, as shown in Figure 2.11. Water CA 
of 153o was achieved without any chemical treatment. 
 
Figure 2.11 Schematic illustration of a) ZnO nanoparticle deposition, b) formation 
of ZnO microrods via hydrothermal synthesis, and c) ZnO microrods on micro 
bump arrays [50]. 
 
Plasma treatment is a convenient method to form water-repellent surfaces and it 
has been broadly used for superhydrophobic treatments. Moon et al [51] fabricated 
polyethylene terephthalate fabrics with extreme water repellency by oxygen plasma 




are shown in Figure 2.12. Oxygen plasma was helpful to form a large area of the 
nanostructure, and convenient for further treatment. 
 
Figure 2.12 a) Schematic illustration of the superhydrophobic preparation process. 
b) SEM images of fabrics after plasma treatment [51]. 
 
Physical methods 
Typical physical methods used to fabricate superhydrophobicity are 
electrospinning, spin coating, spray coating, and lithography techniques. 
By using an electrospinning method, Swart et al [52] fabricated poly(methyl 
methacrylate)-graft-poly(dimethyl siloxane) nanofibers with diameters from 100 to 
1000 nm. In addition, the surface free energy was susceptible by corona exposure 




discharge exposure, the surface became wettable, although it could recover a 
certain extent hydrophobicity. 
Spin coating and spray coating are traditional procedures to form uniform and thin 
layers on substrates. By spin coating, hydrophobic silica nanoparticles could be 
deposited on glass slides to form a superhydrophobic layer [53]. Actually, the 
dosage of SiO2 nanoparticles was very crucial for wetting behaviour. Kim et al [54] 
fabricated uniform double-roughened surfaces by Al spraying and anodisation, as 
well as self-aggregated, and the procedures of preparation is described in Figure 
2.13. The surfaces show CA and SA of approximately 154o and 5.7o, respectively. 
 
Figure 2.13 Schematic illustration of the procedures of preparation [54]. 
 
A lithography technique is one of the most useful approaches to fabricate micro-
/nano-structures. Shiu et al [55] reported a tuneable superhydrophobic surface with 
CA in the range of 132o-170o by utilising a lithography technique and plasma 
treatment. The results showed that the CA increased with the decrease of 





Figure 2.14 SEM images of surfaces with different diameters of polystyrene 
spheres, a) 400nm, b) 360nm, c) 330nm, and d) 190nm, as well as the 
corresponding CA, 135o, 144o, 152o, and 168o [55]. 
 
Combining both chemical and physical methods 
Vapour deposition methods usually combine chemical vapour deposition (CVD) 
and physical vapour deposition (PVD), which can form fine nanostructures. Zhang 
el al [56] fabricated superhydrophobic surfaces on aluminum alloy by CVD 
deposition of cerium oxide on aluminum alloy, followed by modification with 1H, 
1H, 2H, 2H-perfluorooctyltriethoxysilane. Yan et al [57] used vapour deposition 
method to fabricate superhydrophobic materials by bonding reduced graphene 





Figure 2.15 Schematic diagram of the fabrication process [57]. 
 
Etching is also used to produce rough surfaces. Guo et al [58] reported a 
superhydrophobic copper produced by etching copper with  Fe3+ and subsequently 
ODT modification (Figure 2.16). The superhydrophobic surfaces prepared by this 






Figure 2.16 Fabrication process of superhydrophobic surfaces [58]. 
 
2.2.1.3 Applications of superhydrophobic surfaces 
The applications of superhydrophobic surfaces have evoked great scientific interest, 
and may eventually lead to industrial productions. 
Self-cleaning 
Superhydrophobic surfaces can be applied to develop self-cleaning materials. 
Water droplets on the surfaces are easy to move because of the small contact area. 
This is convenient for rolling droplets to remove contaminants and then keeping 
the surface clean (Figure 2.17). Huang et al [59] prepared an omniphobic slippery 
surface based on a porous polyelectrolyte multilayer. This film repelled both oil 
and water. It was found that fluorinated nanoparticles could be dispersed in PDMS 
matrix to form hierarchical roughness and provide self-cleaning function [60]. This 





Figure 2.17 The mechanism of self-cleaning [61]. 
 
Anti-corrosion 
Superhydrophobic surfaces have anti-corrosive function due to slowing down the 
oxidation of metals. Water plays an important role in corrosion. If we prevent water 
to contact the surface of the material, the surface of the material also prevents 
corrosion. Superhydrophobic surfaces can reduce water on the surface.Xu et al [62] 
prepared a superhydrophobic coating with an anti-corrosive property on aluminum 
foil using a sol-gel solution containing polystyrene spheres. The CA almost 
unchanged in the air over one year and the coating was stable in a pH = 3 solution 
for 3 hours. Bhagat et al [63] prepared a micro-textured polycarbonate coating for 
anti-corrosive purpose. Because of the hydrophobicity of polycarbonate, the 
coating showed superhydrophobicity and no further surface chemical modification 
was required. The CA increased with increasing the height of microstructure on 





Frictional drag has a negative effect on countless energy fields, such as petroleum 
transportation, ships, and vessels in the ocean. Superhydrophobic surfaces reduce 
frictional drag because of the thin air layer trapped in the surface layer [64]. Aljallis 
el al [65] reported hydrodynamic drag-reduction of superhydrophobic flat plates. 
A superhydrophobic surface was more beneficial not only in transition flows but 
also in turbulent flows.  
Oil/water separation 
The separation of oil/water mixtures has been an important pursuit because of 
frequent oil spills and industrial organic solvent pollution. Superhydrophobic and 
superoleophilic materials can be used to separate oil from oil/water mixtures. Zhang 
et al [66] presented a simple oxidation method for fabricating films with underwater 
superoleophobicity and in air superhydrophilicity, which had exceedingly high 
separation  efficiency for long-term uses. The rough structures were deposited by 
Cu(OH)2. This inorganic film had better antifouling property compared to organic 
films. Additionally, Zhang et al [67] prepared superhydrophobic-superoleophilic 
PVDF membranes by using a facile modified-phase inversion method (Figure 2.18). 







Figure 2.18 The process of fabricating superhydrophobic and superoleophilic 
PVDF membranes [67]. 
 
2.2.2 Superhydrophilicity 
2.2.2.1 Natural examples  
Both surface structure and surface chemical composition poses the surface 
wettability. Here, surface chemical composition also improve the hydrophilicity. 
For the examples listed, the main wettability determine by surface structure. 
Superhydrophilic surfaces are normally defined as surfaces which allow water to 
spread in a very short time with nearly 0° CA[24]. Many organs of plants show 
superhydrophilicity. There are three types of superhydrophilic surfaces. They are 
permanently wettable surface, absorbing water and letting water to spread over the 






Anubias barteri is a submerged growing water plant with typical a permanent 
wetting surface. The leaves have smooth cell surfaces (Figure 2.19). There is no 
cell papilla three-dimensional waxes [68]. 
  
Figure 2.19 Photo and SEM images of Anubias barteri surface [68]. 
 
Peat moss 
Peat moss has a sponge-like surface, formed by pores of 10–20 µm in diameter 
within the epidermis. It has high water absorbing ability, which can absorb 20 times 
of its own weight. Figure 2.20 shows  the structure of Peat moss. Porous surface 
with multicellular structure can be seen. 
  
Figure 2.20 Photo and SEM images of Peat moss [69]. 
 




Water droplets can spread very quickly on Nepenthes pitcher leaves. Nepenthes 
pitcher plants can capture their prey due to the slippery surfaces. When insects 
were trapped on the pitcher rim, they would roll off the pitcher bottom (Figure 
2.21). The surface is superhydrophilic due to the secretion of hygroscopic nectar 
and micro-topography [70]. 
 
Figure 2.21 Photo of Nepenthes pitcher leaves [70]. 
 
2.2.2.2 Fabrication of superhydrophilic surface 
Sol–Gel method 
The sol–gel method can be used to prepare porous structures. This method is simple, 
low temperature and inexpensive. The resulting films can have various 
morphologies and surface chemical components can be adjusted just by changing 
the ingredient of the precursor in solution.  
Nakata et al [71] used a sol–gel method to fabricate TiO2-polydimethylsiloxane 
(TiO2-PDMS) composite film by using a Ti(OBu)4 as precursor. The film showed 





Layer-by-Layer (LbL) assembly is a useful approach to prepare thin coating films. 
Micro- or nanoparticles are used to increase surface roughness and hence the 
wettability of the films. LbL can precisely control the thickness of the film, which 
is attractive to fabricate an optically transparent coating. 
An electrostatic self-assembly method was reported to prepare superhydrophilic 
coatings which also showed antifogging properties using monodisperse silica 
nanoparticles and polyelectrolytes [72]. Superhydrophilic coatings have also been 
produced by LbL deposition of SiO2 and TiO2 nanoparticles [73]. The resulted 
TiO2/SiO2 coatings showed self-cleaning, antifogging, and antireflection properties. 
Water droplets spread on the coated glass surface in 0.5 s (Figure 2.22).  
 
Figure 2.22 A water droplet wetted the multilayer-coated glass [73]. 
 
Electrochemical methods 
Electrochemical approach contains galvanic cell reactions, anodization, 
electrochemical deposition, and electrochemical polymerization. It is normally 
used to prepare rough surfaces. 
Hao et al [74] produced superhydrophilic surfaces by an electrochemical method. 




superhydrophilic glass by coating In2O3–SnO2 on glass surfaces using an 
electrochemical method (Figure 2.23). The threshold potential to prepare 
superhydrophilic surfaces was 2.0 V. 
 
Figure 2.23 a) In2O3–SnO2 coated glass shows a hydrophobic surface before 
treatment. b) After applying  2.0 V electrical potential on the coating for 60 min. c) 
Exposure of In2O3–SnO2 coated hydrophobic glass to water vapour. d) Exposure 
electrically charged In2O3–SnO2 coating to water vapour [75]. 
 
Electrospinning 
Electrospinning is a method to generate micro or nanofibres from a polymer fluid 
under a high voltage electric field. In the process, a solution is pumped through a 
nozzle to which a high electric voltage is applied. The jet formed fibres due to 
intensive stretching and high speed flying. The  fibres are then deposited on the 
collector in the form of nonwoven mats. The final fibre morphology depends on 




Zang et al [76] showed an adsorptive membrane which was made of electrospun 
nanofibres. The adsorption ability was dependent on the pH, contact time, and 
polymer concentration, which has potential applications in Pb(II) removal. Lim et 
el [9] produced Janus fabrics with superamphiphilicity by electrospinning of 
polyacrylonitrile (PAN) (Figure 2.24). This method provides a way to produce 
functional materials for various industrial applications. 
 
Figure 2.24 Photo of the Janus fabric showing one-side superamphiphilicity [9]. 
 
Etching 
Etching is normally a method to increase the surface roughness of substrates. This 
method can not only affect the surface roughness but also change surface 
wettability. 
Titanium alloys were fabricated via plasma vapour deposition followed by titanium 
plasma spraying [77]. The coated surface showed high surface roughness and 




by electroless etching of silicon [78]. This approach can prepare nanoscale surface 
morphology at room temperature. Zhu et al [11] prepared a superamphiphilic 
silicon wafer by an etching method. The water and oil can spread on the surfaces 
due to a 2D capillary effect (Figure 2.25). 
 
Figure 2.25 Diagrammatic drawing of the spreading of a) water and b) oil on 
superamphiphilic silicon wafer [11]. 
 
Plasma Treatment 
Oxygen plasma treatment is usually used to modify the wettability of solid surfaces. 
It can introduce many functional groups to surfaces. The morphology and surface 
roughness of the treated substrates are depended on the exposure time and type of 




Liu et al [79] prepared superamphiphilic surfaces by controlling the surface 
chemistry and surface roughness via plasma treatment. This fabrication method can 
be applied to many materials. Ellinas et al [80] fabricated superamphiphilic 
surfaces with ordered hierarchical topography by oxygen plasma treatment. 
Polystyrene colloid particles can deposit onto poly(methylmethacrylate) (PMMA) 
surface by spin coating followed plasma treatment. The superamphiphilic property 
can last for a long time (Figure 2.26). 
 
Figure 2.26 Oxygen plasma treated PMMA superamphiphilic surface [80]. 
 
Hydrothermal method 
Li et al [81] prepared superamphiphilic titanate network (STN) films by a 
microwave-assisted hydrothermal method. The method is rapid and facile. Water 
and oils can spread with CA of 1°. Law et al [82] investigated the effect of TiO2 
agglomerate size and film thickness on the antifogging and superhydrophilicity 
properties. This film was fabricated by a hydrothermal dip coating process. When 
the film had a thickness of 140 nm, it showed the best superhydrophilic behaviour. 






Figure 2.27 The effect of thicknesses on a) antifogging and b) sheet-like wetting 
properties of TiO2 thin films [82]. 
 
Dip coating 
Dip coating involves the immersion of a sample in coating solution and then 
making the substrate dry. This method has widely been used to prepare 
superhydrophilic surfaces. 
Seo et al [83] prepared a surface with tuneable wettability by dip coating to guide 
the movement of water droplets. The water-guiding tracks were achieved by 
forming hydrophilic patterns on the superhydrophobic region. In addition, 
superhydrophilic PC films were prepared by dip coating of TiO2 on the substrates 






Phase‐separation is a common method for preparing of porous coatings. The raw 
materials are normally polymers or polymer blends. Phase separation can be 
achieved by changing temperature and pressure. 
Zhang et al [85] used a phase separation method to produce a nylon 6,6 hierarchical 
micro–nano structure. Firstly, nylon 6,6 was swelled in formic acid. After that it 
was immersed in a coagulate bath to precipitate. After drying, the surface showed 
superhydrophilicity. Song et al [86] applied a PLLA/dioxane solution on PLLA 
substrate and then induced phase separation. Hierarchical micro-particles were 
formed on the substrate. After plasma treatment, the surface changed to 
superhydrophilicity. 
Templating methods 
Templating is a useful approach to fabricating functional surfaces with controlled 
morphology. The inverse of template can be produced and replicated again to 
fabricate the positive replica. Both natural surfaces and artificial structures can be 
used as a template depending on the purposes. 
Polystyrene colloidal monolayers were used as template to prepare hierarchical 
TiO2 ordered hemispherical particle array by pulsed laser deposition [87]. The 
prepared hierarchical particle array showed very good superhydrophilicity. Saison 
et al [88] used silica gel to replicate the microstructure of elastomeric moulds. The 
formed films showed a high CA, being 160°, but after annealing the surface became 
superhydrophilic. 





Self-cleaning property of a superhydrophilic surfaces has been the most useful 
application. When water spread on the surface, pollutants can be removed by the 
water due to the very powerful adhesion between water and superhydrophilic 
surfaces. However, it is not suitable for oily contaminants. 
Son et al [89] fabricated a nano-patterned superhydrophilic glass which show 
antireflective effects and self-cleaning. Figure 2.28 shows that TiO2-based self-
cleaning tent materials, which was produced by Taiyo Kogyo Co. After exposure 
to outdoor for 2.75 years, the surface with the TiO2 coating still shows self-cleaning 
property [90]. 
 
Figure 2.28 Photo of a tent material with and without TiO2 coating after exposure 
to outdoor [90]. 
 
Antifogging 
Antifogging surfaces can keep transparent surfaces clear when in a high humidity 
environment. Superhydrophilicity can prevent fogging by allowing water vapour to 




Zhang et al [91] prepared mechanically stable antifogging, antireflection SiO2 
coatings by LbL deposition of PDDA-silicate complexes on substrates. Zorba et al 
[92] produced a transparent superhydrophilic TiO2 coating on glass substrates. 
Under high moisture conditions, the coatings remain transparent because water can 
efficient spread on the surface. 
Pros and cons of antifogging and self-cleaning. 
 pros cons 
Superhydrophobic Suitable for both smooth 
and rough surface 
Some small water 
droplets may stick on the 
surface 
Superhydrophilic The property of 
antifogging and self-
cleaning is very good 
Only suitable for smooth 
surface. 
 
2.3 Dopamine-based, water-phase coatings 
2.3.1 Using water-phase coatings to prepare superhydrophobic surfaces 
To prepare a superhydrophobic surface, organic solvents are usually selected as the 
dispersion medium, but they are environmentally undesirable. Therefore, the water-
based coating has become a new research hotspot. Although water based solution 
is used, once the coating is dried, it cannot re-dissolve in water and shows 





Zhao et al [93] prepared self-healing superhydrophobic fabrics in water-phase. 
Silica nanoparticles were modified with (3-aminopropyl)triethoxysilane and 
hexadecyltrimethoxysilane. (3-aminopropyl)triethoxysilane was used as a silane 
coupling agent to enhance the dispersibility of silica nanoparticles in water and it 
also promoted the adhesion between silica nanoparticles and fabric substrate. The 
low surface free energy of hexadecyltrimethoxysilane and the roughness generated 
by the silica nanoparticles made to fabric have superhydrophobicity. 
Mates et al [94] reported an aqueous spraying  approach to produce a 
superhydrophobic surface on porous substrates. Aqueous coating solution 
consisting of approximately 3% fluoroacrylic copolymer and nanoclay, as well as 
97% water, was able to dry in air at room temperature.  
Megaridis and co-workers [95] also employed a spray method to apply water-based 
coating solution on various substrates (Figure 2.29). The coatings composed of 
graphite and polyolefin. The acid functional groups on acrylic acid could ionise in 
water to stabilise hydrophobic components, and a copolymer of ethylene and 
acrylic acid as well as the exfoliated graphite nanoplatelet.  
 





Chen et al [96] fabricated a self- healing, superhydrophobic coating based on water 
based treatment (Figure 2.30). In this study, UV-responsive microcapsules were 
produced by SiO2 and TiO2 nanoparticles. The microcapsules contained 
dodecafluoroheptyl-propyl-trimethoxysilane (FAS12). When the 
superhydrophobic surfaces were suffered from mechanical damages, they lost 
water- repellency. However, UV irradiation could restore the superhydrophobicity 
because it triggered the release of FAS12 from the microcapsules. 
 
Figure 2.30 Scheme for fabricating water-based, self-healing, superhydrophobic 
coating [96]. 
 
2.3.2 Preparation of superhydrophobic fabrics by using polydopamine (PDA) 
PDA has been used to prepare superhydrophobic fabrics via two types of 
approaches, “one step approach” and “two-step approach”.  
In the “one step approach”, fabrics are immersed in coating solutions containing 




et al [98] reported a method to prepare self-healing superhydrophobic polyester and 
cotton fabrics by simply immersing the fabric substrates in a solution containing  
octadecylamine (ODA), octadecanethiol (ODT), and dopamine for 24 hours at 
room temperature. When the coated fabric was destroyed by plasma treatment, it 
lost its liquid repellency. ODA molecules could migrate to the surface and restored 
the liquid repellency after heating (Figure 2.31). 
 
Figure 2.31 Schematic diagram of a) coating procedure and b) mechanism of self-
healing [98]. 
 
In the “two-step approach”, fabrics are first coated with PDA, and then treated with 
low surface free energy substances to generate superhydrophobicity [100-106]. For 
instance, Li et al [100] reported a method to synthesise Ag-based double-layer 
polyester fabrics. The first layer was superamphiphilic which consisted of PDA and 
Ag, and the second layer was modified by lauryl mercaptan which was 
superhydrophobic and superoleophilic. Recently, a method to prepare 
superhydrophobic cotton-polyester blend fabric was reported [104]. The fabrication 
procedure and oil absorption mechanism were illustrated in Figure 2.32. Folic acid 




could self-polymerise into PDA which would further react with ODA. A 
hierarchical structure was formed by PDA and ODA. ODA could decrease surface 
energy. Oil was absorbed by the fabric boat and then permeated the boat, while 
water was prevented from entering the boat. 
 
Figure 2.32 The fabrication procedure and oil absorption mechanism [104]. 
 
Xue et al [105] reported that the abrasion and washing durability of PDA coated 
polyester was low. The textiles were evaluated by AATCC Test Method 8-2001, 
indicating that the CAs decreased from approximately 155o to 120o after 500 cycles 
of abrasion. In addition, the coatings were also evaluated by immersing in 2 mol  
L-1 hydrochloric acid solution or water and then suffered sonication washing at 100 
W, but the results showed that the superhydrophobic effect was damaged. CAs 
decreased slightly from 125o to 120o. 
2.3.3 Applications of PDA materials 
PDA aroused many research interest and a variety of PDA materials have been 
prepared since Lee et al [107] reported their research results in 2007. The PDA in 
these materials shows three main functions: 1) PDA as a part, or just by itself, coats 




and/or promote to react with other functional substances. 2) PDA is added to some 
materials in a small amount to improve performances. 3) PDA serves as a precursor. 
Herein, in view of these functional roles, as well as the chemical and 
physicochemical properties of PDA, this section will present the applications of 
PDA materials.  
Oil/water separation 
Recently, superhydrophobic cotton was prepared by coating silica nanoparticles 
and PDA on cotton substrate and by subsequent hydrophobic treatment (Figure 2.33) 
[103]. The oil/water separation test indicated that the coated fabric had high 
separation efficiency and excellent stability. For n-hexane/water with 1:4 volume 
ratio, the separation efficiency was 99%.  
 
Figure 2.33 Schematic illustration of the fabrication of oil/water separation fabric 
[103]. 
 
The Sponge is a very common material for oil/water separation. PDA/Fe3O4 




superhydrophobic but superoleophilic surface. The coated sponge showed high oil 
absorption capacity reaching up to 7268% [108]. Ruan et al [109] fabricated a 
superhydrophobic melamine sponge, which showed excellent absorption and flame 
retardancy. The method was easy to scale up (Figure 2.34). 
 
Figure 2.34 a)-c) The process of absorption oil, the scalable melamine sponge, and 
removal of oil from water [109]. 
 
Dye absorption 
PDA coated electrospun poly(vinyl alcohol)-poly(acrylic acid) membranes were 
reported by Yan et al [110]. The membrane showed a high dye adsorption 





Desalination is a process to remove minerals from saline water. For seawater, the 
main mineral is salt. Arena et al [111] used a PDA-based thin composite membrane 
to improve osmotic flux. PDA surface modification process played an important 
part by creating a hydrophilic film [112]. 
Heat dissipation 
Heat dissipation is significant for industry because accumulated heat may reduce 
working efficiency or service life of machines. To cope with this problem, 
composite materials containing polymers and high thermal conductive fillers are 
generally demanded, and they are easy to prepare with low cost. Hexagonal boron 
nitride has attracted wide attention because of its excellent thermal conductivity 
property. However, hexagonal boron nitride is not easy to react with other 
substances. Shen et al [113] modified hexagonal boron nitride with PDA, which 
offered an active surface to react with matrix materials, as shown in Figure 2.35. 
 






Recently, monodispersed carbon spheres have been reported in a wide range of 
practical applications. Carbon precursors play a crucial role in their excellent 
properties. Phenol/formaldehyde resins were considered as a conceivably useful 
carbon precursor because of their simple and convenient preparation method [114]. 
The drawbacks of these resins are the carcinogenicity of monomers. Hence, it is 
very necessary to find a novel analog to replace phenol/formaldehyde resins. PDA 
has been suggested as the substitute due to its biological compatibility and 
analogical chemical structure. In 2011, Liu et al [115] invented a delicate way to 
prepare hollow carbon spheres via carbonisation of PDA coatings and removal of 
silica nanoparticle template (Figure 2.36). 
 
Figure 2.36 The route of preparation hollow carbon spheres [115]. 
 
Supercapacitors show high capacitance and fast charging and discharging feature, 
which is useful for short-term energy storage, consumer electronics, and memory 
backup. Dopamine can be used as a carbon precursor to fabricate carbon framework 
for supercapacitor application. Liang et al [116] took the advantage of dopamine to 
prepare an ordered nitrogen-doped porous nano-carbons. As shown in Figure 2.37, 




further carbonised, and then SBA-15 was removed. The porous nano-carbons 
showed highly efficient electrochemical activity and recycling capability.  
 
Figure 2.37 Sketch map of the path to prepare nitrogen-doped porous nano-carbons 
with PDA coating [116]. 
 
Particulate delivery systems 
Polymer capsules are usually assembled by continuous deposition of diverse 
polymer layers. However, aggregation is the most common problem facing to 
polymer capsules. Hence, it is difficult to produce polymer capsules with a size 
below 1 µm. Interesting, PDA capsules enabled to address this problem [117]. PDA 
was coated on SiO2 particles and then the core was removed (Figure 2.38). This 











The disulfide bonds are formed in a moderate circumstance without producing any 
by-product in the biosystem. Du et al [118] reported a PDA catalyst that was 
inspired by biosystem to form disulfide bonds. Figure 2.39 shows the mechanism 
for PDA catalyst. In addition, PDA-functionalised carbon nanotubes were reported 
as a catalyst to exhibit excellent activity and stability for direct methanol fuel cells 






Figure 2.39 The mechanism for PDA catalyst [118]. 
 
Batteries 
Lithium-ion batteries have become very common and popular batteries owing to 
their small memory effect, long life time, and high working voltage. Separators 
play a vital role in lithium-ion batteries, which prevent internal short circuits. 
Although polyolefin separators have been applied to the commercial lithium-ion 
batteries, the power capability still needs to improve. 
 Lee et al [120] reported two typical separators with PDA coating which had 
improved capability as well as cycle performance. The autonomous shutdown is a 




coating were able to enhance the dispersibility in aqueous solution. The modified 
solution was easy to coat on mesocarbon micro-bead battery anodes [121]. 
Anti-bio-adhesion  
Anti-bioadhesive treatment of medical consumables is a precautionary measure for 
bacterial infection. Most of the common materials used in modern medical services 
can be contaminated. A stainless steel needle modified with PDA, Ag nanoparticles 
and 1H, 1H, 2H, 2H-perfluorodecanethiol was prepared by taking advantage of the 
adhesion of PDA to bind with needle and perfluorodecanethiol (Figure 2.40) [122]. 
The modified needle showed quite high CA and low SA, and excellent anti-
bioadhesive properties. 
 






Xu et al [123, 124] fabricated anti-bioadhesive silver-coated fabrics. A “two-step” 
coating method was used. Firstly, PDA layer was formed on fabrics by dopamine 
self-polymerisation. Secondly, silver nanoparticles were deposited on the PDA 
coated fabrics.  
2.4 Underwater wettability 
2.4.1 Underwater superoleophobic surfaces 
Superamphiphilicity possesses both superhydrophilicity and superoleophilicity 
with a contact angle close to 0° for water and oil fluids, and water and oil fluids can 
spread on the surface in a very short time [125, 126]. However, when the surfaces 
are in an underwater environment, they most show a diffident wettability. Taking 
cotton as an example, cotton fabrics have a superamphiphilic surface. In an 
underwater environment, however, they show a superoleophobic feature. A similar 
underwater superoleophobic feature was also reported on other superamphiphilic 
surfaces [127-130]. 
Xue et al [127] prepared a polyacrylamide (PAM) hydrogel-coated mesh with 
superhydrophilic/underwater superoleophobic. As shown in Figure 2.41a-b, water 
can permeate through the mesh very quickly, while oil kept in the upper glass tube 
due to the superhydrophilic and underwater superoleophobic property. This 
material has high efficiency to separate water from oil (Figure 2.41c). The intrusion 






Figure 2.41 a) The setup of separation of an oil/water mixture. b) The process of 
separation an oil/water mixture. c) The separation efficiency of the coated mesh for 
a series of oils. d) Intrusion pressures for a series of oils [127]. 
 
Zhang et al [128] used a salt-induced phase-inversion method to fabricate filtration 
membrane with underwater superhydrophilicity and superoleophobicity. As a result 
of the instant increase in salt concentration at the interface, NaCl is squeezed out 
from the water and tends to crystallize into small crystal seeds at the interface. 
Spherical microparticles were applied to the surface of filtration membrane to 
endow the membrane with a superhydrophilic but underwater superoleophobic 
surface (Figure 2.42a). The membrane was flexible and there is no cracks after 
bending 200 times (Figure 2.42b). SEM images were used to characterize the 




The membrane had a porous structure (Figure 2.42c-d). Figures 1e and f show the 
wetting behavior of oil and water on the top surface of the asprepared PAA-g-
PVDF membrane. The membrane had underwater oil CA of 160° and in air water 
CA of 0° (Figure 2.42e-f). 
 
Figure 2.42 a) The process of formation PAA-g-PVDF membrane. b) Photo of a 
PAA-g-PVDF membrane. c)-d) SEM images of the membrane. e)-f) Photos of an 
oil droplet in underwater state and a water CA in air [128]. 
 
Li et al [129] sprayed a mixture, which composed of waste potato residue powders 
and polyurethane (PU), on a stainless steel mesh. The as-prepared meshes were 
superamphiphilic. As shown in Figure 2.43a, when the meshes were pre-wetted by 
water, the wetting behaviour changed to underwater superoleophobic. When they 




superhydrophobic. The separation of kerosene–water mixtures and chloroform–
water mixtures based on gravity-driven process was designed (Figure 2.43b-c). 
 
Figure 2.43 a) The schematic diagram to separate an oil/water mixture. b) 
Separation of a kerosene–water mixture. c) Separation of a chloroform–water 
mixture [129]. 
 
Yang et al [130] prepared a superhydrophilic polyvinylidene fluoride (PVDF) 
membrane by dopamine copolymerizes with Multi-wall carbon nanotubes 
(MWCNTs). As shown in Figure 2.44, the MWCNT was firstly modified with 3-
aminopropyltriethoxysilane (APTES) and then modified with dopamine. The as-
formed PVDF membranes could separate water from many oil-in-water emulsions, 






Figure 2.44 Illustration of preparation dopamine/A-MWCNTs coated 
superhydrophilic PVDF membrane [130]. 
 
2.4.2 Underwater superoleophilicity 
Most of the underwater superoleophilic surfaces reported so far show in air 
superhydrophobicity, and the underwater superoleophilicity was realized chiefly 
through a plastron layer formed in water, which allows oil drop to break air bubbles 
easily and wick on surfaces.  
Jin et al [131] produced a 3D network architecture by hydrolysis and 
polycondensation of 1H, 1H, 2H, 2 H–perfluorodecyltrichlorosilane (FTS). The 
surface showed in-air superamphiphobicity and underwater superoleophilicity. As 





Figure 2.45 An as-prepared glass tube capture and collect oils in water [131]. 
 
Huang et al [132] fabricated superoleophobic−superoleophilic patterns on Al 
substrates in water. By using CuCl2 etching, stearic acid modification, and nitrogen 
cold plasma treatment, the patterns showed wedge-shaped superoleophilic tracks 
with superoleophobic background. These root-like patterns were used for maiking 
a one-way valve. 
Wang et al [133] prepared a superhydrophobic/superoleophilic mesh films using 
microstructured ZnO as coating material. When immersed in water, the sample 








Figure 2.46 Photo and diagrammatic drawing of the mesh film immersing in water, 
and underwater oil capture process [133]. 
 
2.5 Directional liquid transport 
2.5.1 Natural examples 
The phenomenon of liquid motion in a single direction driven by surface wettability 
irregularity (also called “directional liquid transport”) has been broadly observed 
in nature [134-141]. 
Beetles 
It was reported that many beetles in the Namib Desert could capture water from the 
humid air by their back [134]. The insect’s bumpy surface includes of alternating 
hydrophobic, wax-coated and hydrophilic, non-waxy regions. When moisture 






Figure 2.47 a) Peaks and troughs are evident on the elytra surface. b) A ‘bump’ on 
the surface. c) SEM image of the structure [134]. 
 
Spider silk 
Spider silk of the cribellate spider Uloborus walckenaerius has the capacity to 
capture water from the air by the periodic spindle-knots and joints [135] (Figure 
2.48). These structural features lead a surface energy gradient between the spindle-





Figure 2.48 SEM images to show the structures of silk of cribellate spider [135]. 
 
Nepenthes alata 
Chen et al [137] report that the Nepenthes alata peristome surface has the capacity 
for continuous directional water transport due to its multiscale structure (Figure 
2.49). This behaviour was attributed to hierarchical structural features at the 
nanoscale and microscale with gradients in surface energy, and gradients in Laplace 





Figure 2.49 Photo of a pitcher of Nepenthes alata [137]. 
 
2.5.2 Directional liquid transport materials 
Two main strategies have been used to prepare directional fluid transport fabric 
materials, 1) building a wettability gradient along material thickness [142, 143], 
and 2) forming a material fibrous layer with opposite wettabilities[144-146]. 
Building a wettability gradient along the material thickness 
Wang et al [142] fabricated a fabric having directional water transport property by 
a wet chemistry coating method to create a wettability gradient across the fabric 
thickness (Figure 2.50). The fabric was coated with a superhydrophobic layer 
containing hybrid silica and TiO2. Then the fabric was exposed by UV irraditaion 







Figure 2.50 Photos from videos of a water droplet on the fabric [142]. 
 
Zhou et al [143] fabricated a switchable, spontaneous, directional-transport fabric 
by a wet chemistry coating and one-side UV exposure (Figure 2.51). After UV 
irradiation, the fabric showed directional liquid transport. Liquids with lower 
surface tension can permeate while liquids with high surface tension prevenred. 
This new directional liquid transport fabric may be helpful for the progress in many 
applications. 
 
Figure 2.51 a) Photos of liquids on the coated polyester fabric (water, hexadecane 
and soybean oil from left to right). b) Diagrammatic drawing of UV irradiation of 
the fabric from one-side. c)-e) Photos of liquids on the UV-irradiated fabric [143]. 
 




Cao et al [144] produced a binary cooperative Janus fog collector constructed by 
superhydrophilic cotton absorbent and hydrophobic copper mesh. The Janus fog 
collector can collect fog water rapidly (Figure 2.52). 
 
Figure 2.52 a) A fog collector which consists of hydrophilic cotton absorbent 
inside and a hollow cylinder of hydrophobic copper mesh. b)-c) Diagrammatic 
drawing and cross-section drawing illustrate that the fog collection process includes 
rapid preservation directional, absorption and efficient collection [144].  
 
Wang et al [145] fabricated a dual-layer nanofibrous membrane including a 
superhydrophobic oleophilic nanofibers layer and a superamphiphobic nanofibers 







Figure 2.53 Photo of PVDF-HFP/POSS and PVDF-HFP membrane and SEM 
images of a dual-layer nanofiber membrane [145]. 
 
Wu et al [146] prepared directional water transport nanofibrous membranes using 
a layer-by-layer electrospinning technology to design a dual-layer fibrous structure 
consisting of a hydrophilic layer and hydrophobic layer (Figure 2.54). By adjusting 
the thickness of the film, the unidirectional water penetration capacity can be 
controlled easily. 
 





2.5.3 Underwater directional liquid transport 
Recently, a few papers have reported directional oil transport in an underwater 
environment. Although a similar oil transport phenomenon was observed, the 
reported materials showed different surface characteristics. 
Li et al [15] designed a “plug-and-go” device used for underwater unidirectional 
oil penetration. A wettability asymmetry mesh was prepared by combining these 
two mesh, which is underwater oleophobic and underwater oleopilic (Figure 2.55). 
Oil is able to penetrate the mesh from the underwater oleophobic to underwater 
oleopilic but are blocked from the opposite direction. 
 
Figure 2.55 a) Diagrammatic drawing of the mesh. b)-e) SEM images and the 
contact angle of meshes with wettability asymmetry [15] . 
 
Tian et al [13] fabricated a Janus Teflon membrane by directional O2/H2 plasma 
treatment to capture oil in water. An oil droplet penetrates from the hydrophilic side 






Figure 2.56 Capture of oils from water by Janus-T [13]. 
 
Zhang et al [14] used superhydrophobic meshes to design a spontaneous antigravity 
device to collect heavy weight organic fluids under water (Figure 2.57). This 
antigravity superoleophobic “pump” can frequently collect oil in underwater state. 
 
 Figure 2.57 a)-b) An antigravity “pump” for frequent delivery of oil droplets in 








Chapter 3 Materials and Characterisation Approaches 
In this chapter, the detailed information of all the materials, experimental details, 
and instruments used in this study are provided. 
 
3.1 Materials and experimental details 
3.1.1 Chemicals 
Ammonium hydroxide (28% in water), dopamine hydrochloride, ferric (III) 
chloride hexahydrate (FeCl3·6H2O), hexadecyltrimethoxysilane (HDTMS), 
hydrochloric acid, octadecylamine (ODA), 1-methylimidazole, and ethanol were 
obtained from Sigma-Aldrich. Ferrous (II) chloride tetrahydrate (FeCl2·4H2O) was 
purchased from Merck. Glycerol propoxylate triglycidyl ether (GPTE, molecular 
weight 434, epoxy value 0.69) was supplied by Alfa Chemistry. All chemicals were 
used as received. 
The chemical structures of dopamine hydrochloride, HDTMS, ODA, and GPTE 



















Figure 3.1 Chemical structures of dopamine hydrochloride, HDTMS, ODA, and 
GPTE. 
 
3.1.2 Coating substrates 
Soft substrates: The fabrics used in this work are cotton fabric (plain weave, 165 




520 µm), and wool fabric (plain weave, 190 g/m2, thickness ≈ 540 µm). They were 
all purchased from a local textile shop, and they were cleaned with acetone and 
distilled water before use. 
Hard substrates : Glass slide and polyester film were both purchased from a local 
supermarket. 
3.2 Characterisation instruments 
3.2.1 Contact angle 
The contact angle (Figure 3.2) was measured using a Contact Angle Meter (KSV 
Model CAM 101). The samples were cut into oblongs (1 cm × 2 cm) and placed on 
a glass slide. Liquid drops of 1.91 mm diameter were placed on the surface of each 
fabric with a syringe (diameter: 0.71 mm), and the image of each drop was captured 
at a rate of 33 frames per second after deposition onto the sample surface. Water 
droplet pictures were taken by an Olympus DP70 high-resolution microscope. Ten 
images were taken for each plate, and the final angle was the average result from 
10 images. Each result was the average number of at least five times.  
 
Figure 3.2 CAM 101 KSV Contact Angle Meter. 




Sliding angle (Figure 3.3) was measured using a purpose-made device consisting 
of a sample holder and a digital angle meter. The samples were cut into oblongs (1 
cm × 2 cm) and stick on the sample holder using double sticky tape. Liquid droplets 
of 5 μL were dropped on the sample surface. The minimum angle that the droplet 
can roll off the fabric surface was displayed on the digital angle meter. Each result 
was the average number of 5 times. All tests were carried out in the condition 
laboratory (23 ± 2 °С and 65 ± 2% relative humidity). 
 
Figure 3.3 Home-made sliding angle tester. 
 
3.2.3 Scanning Electron Microscopy (SEM) 
Surface morphology of the fabric was observed on scanning electron microscopes 
(SEM, Jeol Neoscope and Zeiss Supra 55VP, Figure 3.4). A small piece of sample 
(0.5 cm × 0.5 cm) was placed on the sample holders, and a 10 nm thick gold layer 




taken at an accelerating voltage at 5 kV, and the magnification varied between 1000 
and 10000 times. 
 
Figure 3.4 Scanning electron microscopy (Supra 55 VP). 
 
3.2.4 Transmission electron microscopy (TEM) 
TEM images were observed using an FEI Tecnai F30 Cryo TEM (Figure 3.5). The 
samples were mounted on the copper grid for observation. Accelerating voltage for 





Figure 3.5 FEI Tecnai F30 Cryo-Transmission electron microscopy. 
 
3.2.5 Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra were obtained on a Burker Vertex 70 FTIR spectrometer (Figure 3.6) 
in Attenuated Total Reflection (ATR mode). The spectra were recorded under 64 
scans at 4 cm-1 resolution using OPUS 5.5 software. All tests were carried out in a 
controlled environment (23 ± 2 oC and 65 ± 2% relative humidity). Three specimens 





Figure 3.6 Fourier transform infrared spectroscopy (Burker Vertex 70). 
 
3.2.6 Atomic force microscopy (AFM) 
AFM imaging was taken by a DualScope DS 45-40 scanner (Danish Micro 
Engineering, Denmark, Figure 3.7) with a scan size of 5 × 5 μm. Applied load 
during testing was 0.15 nN. The scanning speeds on fiber were 5 μm/s. The surface 





Figure 3.7 DualScope DS 45-40 Atomic force microscopy. 
 
3.2.7 X-ray photoelectron spectrometer (XPS) 
XPS data were acquired using a Kratos AXIS Ultra (DLD) spectrometer (Figure 
3.8) equipped with a monochromated Al Kα X-ray source (energy~1486.6 eV). 
Survey spectra were recorded at 1 eV/step and a pass energy of 160 eV while high-
resolution spectra were performed at 0.1 eV/step and a pass energy of 20 eV. The 
pressure in the analysis chamber was maintained at about 3×10-9 Torr. The obtained 





Figure 3.8 Kratos AXIS Nova spectrometer. 
 
3.2.8 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA, Figure 3.9) was performed with a Mettler 
Toledo TGA/STDA851. The specimens were placed in a ceramic pan and tested in 
air flow at a heating rate of 10 °С/min. The derivative of the mass versus 





Figure 3.9 Mettler Toledo TGA/STDA851. 
 
3.2.9 Air permeability 
Air permeability was examined by an air permeability tester (FX 3300 air 
permeability tester III, Textest AG - Testing instruments for quality control, Zurich, 
Switzerland, Figure 3.10) according to BS 5'636 (Great Britain) standard. Air 
pressure was set at 98 Pa. The test area was 5 cm2, and six repeats were averaged 





Figure 3.10 Air permeability tester (FX 3300). 
 
3.2.10 Washing durability 
Washing durability of the coated fabrics was tested by reference of the washing 
procedure specified in the AATCC (American Association of Textile Chemists and 
Colorists) Test Method 61-2006 test No. 2A. In short, the washing solution was 
prepared by adding 0.225 g detergent in 150 ml water. The sample (5 cm * 15 cm) 
and 50 steel balls were added to the washing solution. The test was performed using 
a standard laundering machine (MODEL H-240, NO. 4361, RAPID LABORTEX 
CO., LTD.). After running at 40 ± 2 rpm for 45 min at 49 °C, the sample was rinsed 
three times with distilled water and dried at room temperature. This standard 
washing procedure was equivalent to five cycles of home laundry washing. For 




3.2.11 Abrasion durability 
The abrasion resistance was evaluated using the Martindale method according to 
American Society for Testing and Materials (ASTM) D4966 test method, which 
was often used to evaluate the coated fabrics for heavy duty. The process was 
performed under a commercial Martindale abrasion tester (I.D.M Instrument 
Design & Maintenance, Figure 3.11). The test procedure should be in the standard 
atmosphere, which was 23 ± 2oC and 65 ± 2 %, and the load on the fabrics was 9 
kPa. 
 
Figure 3.11 Martindale machine for abrasion durability test. 
 
3.2.12 Bending Modulus 
The bending modulus Q of fabric samples were tested by the cantilever method 
using an M003B Shirley stiffness tester (BS 3356 BS 9073 part 7 and ASTM D1388, 








𝐺𝐺 = 𝑀𝑀𝐶𝐶3 
Here G (mg cm−1) is the flexural rigidity of the fabric and M (mg cm−2) is the mass 
of the fabric per square centimeter. C (cm) and g (cm) are bending length and fabric 
thickness, respectively. Measurements were carried out on samples of fabric 2.5 cm 
wide and 20 cm long, and cut in both warp and weft directions. 
 
Figure 3.12 Bending modulus instrument. 
 
3.2.13 Fabric thickness 
The thickness of fabrics was measured using a MESDAN LAB micrometer as 
shown in Figure 3.13. The fabric was placed under a load plate with a loading 


















Chapter 4 Magnet-responsive, Superhydrophobic Fabrics 
from Waterborne, Fluoride-free Coatings 
In this chapter, durable superhydrophobic fabrics with magnet responsive property 
were prepared by a two-step coating technique using polydopamine, Fe3O4 
nanoparticles, and hexadecyltrimethoxysilane as coating materials. The coated 
fabrics exhibit fast magnetic responsivity and a water contact angle of 156°. The 
coating is durable enough to withstand at least 50 cycles of home laundries and 500 
cycles of Martindale abrasions without losing its superhydrophobicity and 
magnetic property. The PDA pre-coating play a significant role in improving the 
adhesion of hydrophobic Fe3O4 nanoparticles on the fabric surface. The coated 
fabric is highly oleophilic (oil contact angle = 0°). When used for absorbing oil, the 
coated fabric floats naturally on the surface of the oily water, and it can be moved 
to approach oil drops under magnetic actuation. The fabric is reusable for at least 
10 cycles. This may offer an environmentally friendly way to prepare “smart” oil-
recovery materials. 
4.1 Experimental section 
4.1.1 Coating of PDA on fabric 
Dopamine hydrochloride (0.8 g) was added into deionized water (400 mL) and 
stirred for 5 min. Then, the pH of the mixture was adjusted to 8.5 with ammonium 
hydroxide, and a piece of cotton fabric (5 cm × 15 cm) was added into the resultant 
solution followed by stirring for 16 hours at room temperature. Furthermore, the 




4.1.2 Preparation of magnetic, superhydrophobic fabrics 
4 g HDTMS was added into 40 ml deionized water followed by adjusting pH value 
to 1 using hydrochloric acid and then stirring for 8 hours. After that, the pH value 
of the mixture was tuned to 8 by ammonium hydroxide. Aqueous NH4OH solution 
(1.5 M) was added dropwise to 360 mL water solution containing FeCl3·6H2O (1.7 
g) and FeCl2·4H2O (0.60 g), followed by stirring vigorously under nitrogen 
protection [147]. The solution was then mixed with the HDTMS solution. The 
solution mixture was applied onto the as-prepared PDA coated fabric using a dip-
coating method. After stirring at 60 °C for 16 hours, the resulting fabric was rinsed 
with water and dried at 140°C for 1 hour. 
4.1.3 Oil absorption capacity and reusable tests 
A piece of coated fabric was soaked in various oily liquids for 10 seconds, and then 
taken out and drained for several seconds to remove excess oil. The weight of fabric 
before and after absorption was recorded. Then it was washed with tap water 
containing dishwashing liquid for three times and dried in an oven at 80 oC. The oil 
absorption capacity R (g/g) was determined by weighing the fabric before and after 





where M1 and M2 are the fabric weight of the before and after oil absorption, 
respectively. 




4.2.1 Coating process 
Figure 4.1a shows the chemical structures of dopamine and HDTMS. Figure 4.1b 
schematically illustrates the procedure to prepare magnetic superhydrophobic 
fabric. A two-step coating process was employed, in which PDA and 
Fe3O4/HDTMS were applied to the fabric in sequence. In the first step, a thin layer 
of PDA was applied onto the fiber surface. After that, Fe3O4 and HDTMS were co-
deposited on the PDA surface. Both treatments were performed in aqueous 
solutions. 
 
Figure 4.1 a) Chemical structures of dopamine and HDTMS. b) Schematic 





4.2.2 Surface wettability 
4.2.2.1 Surface wettability after coating treatment 
Figure 4.2a shows red-colored water droplets (10 μL) on the coated cotton fabric. 
Without coating treatment, cotton fabric was superhydrophilic. After coating 
treatment, the fabric showed strong repellent to water, and water on the fabric 
formed sphere-like droplets. After coating, the color of fabric changed from white 
to brown, because PDA and Fe3O4 both had a dark appearance. Figure 4.2b shows 
the influence of the dark coating on the optical property. The coated fabric showed 
lower optical transmittance in the UV-VIS region (wavelength 200-800 nm). This 
excellent UV shielding property may find applications in UV-protection field.  
 
Figure 4.2 a) Photos of red-colored water on the uncoated and coated cotton fabrics 
(10 μL for each drop; the small amount of dye used, did not influence the contact 
angle). b)  The UV-visible transmittance of uncoated and coated cotton fabrics. 
 
The coated fabric had a water contact angle (CA) of 156° and a sliding angle (SA) 
of 5o. To proving the water repellency stability, water droplets (3 μL) were left on 




(Figure 4.3a). The fabric after coating treatment showed strong oleophilicity with 
an oil (soybean oil, 31.5 mN/m) CA of 0o. When oily droplets contacted with fabric, 
they were spreading out immediately, and the oil CA is 0° (Figure 4.3b). Also, the 
coated fabric also had high repellency to milk, juice, wine, and coffee (Figure 4.3c).  
 
Figure 4.3 a) The CA images of a water droplet (~ 3 µL) with time. b) Oil CA of 
the coated fabric. c) Milk, juice, wine, and coffee on the coated fabric. 
 
4.2.2.2 Effect of the concentration of HDTMS and Fe3O4 on surface 
wettability 
It was noted that the HDTMS concentration affected the hydrophobicity of the 
coated fabric. Figure 4.4a shows the effect of HDTMS concentration on the fabric. 
The water CA increased from 134o to 155o and SA reduced from 20.4o to 6.9o, with 
an increase in the HDTMS concentration from 0.1 % to 1%. Furthermore, when the 
concentration changes from 1% to 4%, the fabric maintained super-repellent. 
In contrast, the concentration of Fe3O4 nanoparticles has little effect on wetting 
property (Figure 4.4b). However, when weight ratio is 1/10 (reference 




attracted by a magnet. When the weight ratio increased to 1/2, the fabric endows 
with a magnetic response. 
 
Figure 4.4 a) a) The influence of the HDTMS concentration on the hydrophobicity 
of cotton fabric. b) The influence of the Fe3O4 concentration  on wetting property 





4.2.3 Magnetic properties 
The magnetic properties of the as-prepared Fe3O4 nanoparticles were examined. 
Figure 4.5a shows the ZFC-FC curves of the Fe3O4 nanoparticles. The blocking 
temperature was 220 K. Figure 4.5b shows a typical superparamagnetic 
characteristic curve with no hysteresis appearing after removal of the applied 
magnetic field. At 300 K, the saturation magnetization is 50.81 emu/g at 5 T. When 
the Fe3O4 nanoparticles were applied onto fabric, a small piece of the coated fabric 
(2 cm × 2 cm) can be attracted by a magnet (Figure 4.5c). 
 
Figure 4.5 a) Zero-field cooled-field cooled (ZFC-FC) curves measured with the 
field of 100 Oe. b) Magnetization curve measured at 300 K. c) Photos to show 





4.2.4 Surface morphologies 
Figures 4.6 show the SEM images of the fabric before and after 
PDA/HDTMS/Fe3O4 coating treatment. The uncoated fiber had a smooth surface 
(Figure 4.6a). When the fiber was treated with PDA, the surface became rough 
(Figure 4.6b). The surface roughness increased slightly after further coating with 
Fe3O4/HDTMS (Figure 4.6c).  
 
Figure 4.6 a)-c) SEM images of cotton fibers a) uncoated, b) PDA coated, and c) 
PDA/Fe3O4/HDTMS coated. 
 
The thicknesses of PDA and HDTMS/Fe3O4 coatings measured based on the TEM 
image were about 80 nm and 20 nm, respectively (Figure 4.7a). The average size 







Figure 4.7 a)-b) TEM images of a) cross-section of the coating thickness and b) 
Fe3O4 particles. 
 
4.2.5 Chemical components on the coating surface 
FTIR and XPS were used to examine the surface chemistry of the fabric before and 
after coating treatment. As depicted in Figure 4.8, after PDA treatment, a new peak 
at 1504 cm-1 occurred, which was assigned to the N-H bending vibration, indicating 
the presence of PDA on the fabric surface [148]. After coating with Fe3O4/HDTMS, 
new peaks at 2918 cm-1 and 2850 cm-1 appeared, corresponding to the asymmetric 
and symmetric vibrations of methylene (-CH2-). This indicates that long alkyl 
chains attached to the surface. A weak peak was observed at 577 cm-1, 













Figure 4.8 FTIR spectra of cotton fabric before and after coating treatment. 
 
Figure 4.9a shows the XPS survey spectra of the fabrics. The presence of elements 
N, Fe, and Si confirmed that PDA and Fe3O4/HTDMS existed on the fiber surface. 
The quantitative element analysis results are presented in Table 4.1. The atomic 
contents of the elements N, Fe, and Si in the coating surface were 0.65%, 2.17%, 
and 7.96%, respectively. The curved-fitted high-resolution C1s spectra showed that 
the coated fabric had four peaks at 288.0 eV, 286.5 eV, 285.7 eV and 284.8 eV, 
corresponding to O-C-O/C=O, C-O/C-OH, C-N, and C-H/C-C/C-Si, respectively 
(Figure 4.9b and Table 4.2). The high-resolution N1s, Fe2p, and Si2p spectra are 
shown in Figure 4.9c-e. Three N1s peaks at 400.4 eV, 400.2eV, and 398.5 eV 
correspond to N-H, N-C, and aromatic N moieties, respectively (Figure 4.9c). The 
binding energies at 725 eV and 711 eV are characteristic of Fe2p1/2 and Fe2p3/2 of 
Fe3O4 (Figure 4.9d). Also, the three sub-peaks of Si2p at 104.0 eV, 102.5 eV, and 




(Figure 4.9e). These results suggested to the coating materials have applied to the 
fiber surface after coating treatment. 
 
Figure 4.9 a) XPS wide-scan spectra of cotton fabric before and after coating 
treatment. b)-c) High-resolution b) C1s, c) N1s, d) Fe2p, and e) Si2p spectra of 





Table 4.1 XPS spectrum parameters for the uncoated and coated cotton surfaces 
 
 
Table 4.2 Element contents (%) on the coated cotton surface 
 Peak Binding energy (eV) Atomic % (peak area) 
C1s 
O-C-O/C=O 288.1 5.41 
C-O/C-OH 286.5 20.2 
C-N 285.7 7.81 
C-C/C-H/C-Si 284.8 66.58 
N1s 
N-H 400.4 16.83 
N-C 400.2 68.99 
 Aromatic N 398.5 14.18 
Si2p 
Si-O-Si 104.0 10.12 
Si-O/Si-O-C 102.5 59.9 


















Durability is an essential criterion for superhydrophobic fabrics. Washing and 
abrasion durability of the coated fabrics were evaluated according to AATCC 61-
2006 and ASTM D4966 standards. As shown in Figure 4.10a, with increasing the 
laundry cycles, the CA of the coated fabric decreased slightly, after 50 washing 
cycles, the fabric still maintained superhydrophobicity with a water CA of 152° and 
a SA of 26o. After 100 cycles of washing, the fabric was still hydrophobic with a 
CA of 142°, and a SA of 39.4o. The abrasion durability was tested using the 
Martindale method. To simulating actual wear, the load on the fabrics was set at 9 
kPa. As shown in Figure 4.10b, after 500 cycles of abrasion, contact angle only 
changed from 156° to 152°. Further increasing the abrasion cycles to 3000 led to 





Figure 4.10 a)-b) CA and SA of coated cotton fabrics change with a) laundry cycles 
and b) abrasion cycles. 
 
Figure 4.11a shows the SEM image of the fibers after 50 cycles of laundry. The 
surface morphology was almost unchanged. Figure 4.11b shows the abraded 
surface. After 500 cycles of abrasion, certain particles lost from the fiber surface. 





Figure 4.11 SEM images of coated fabrics a) after 50 cycles of laundry and b) 500 
cycles of abrasion (The insert photos are water droplets on the coated cotton fabrics 
and a magnet attracting the fabrics). 
 
The FTIR results also verified that the characteristic peaks at 2918 cm-1, 2850 cm-
1, 1504 cm-1, and 577 cm-1 were still visible (Figure 4.12). Moreover, the coated 
fabric still had magnetic properties after washing and abrasion (Table 4.4, the insert 
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Figure 4.12 FTIR spectra of coated fabric after 50 cycles of laundry and 500 cycles 
of abrasion. 
 








After 10 cycles 
of repeated use 
With PDA Yes Yes Yes Yes 
Without 
PDA 
Yes No No No 
 
To verify the role of PDA in the surface coating, we applied Fe3O4/HDTMS on the 




cycles of abrasion, the fabric lost the superhydrophobicity (Figure 4.13). It can be 
observed that the surface morphology of fibers after washing and abrasion became 
smooth.  
Figure 4.13 CA and SA of cotton fabrics without PDA coating change with a) 
laundry cycles and b) abrasion cycles. SEM images of cotton fabrics without PDA 
coating c) after 50 cycles of laundry and d) 500 cycles of abrasion. 
 
It is known that PDA can bond to almost all the solid surface through hydrogen 
bond, chelate action, ionic bond, covalent bond and other physical interactions. The 
formation of a thin layer of PDA increase the affinity of the PDA particles which 
were formed within the solution. When PDA particles deposit on the PDA coated 
fibre substrate, further reaction with dopamine facilitates to establish bonds 
bridging the PDA particles with the PDA coating layer, therefore enhances 




surfaces through a  spontaneous polymerization reaction [107], pre-coating PDA 
followed by coating with  Fe3O4/HDTMS should be a general method to prepare 
magnetic superhydrophobic fabrics. To verify this, we used the same method to 
treat polyester and wool fabrics. After PDA and Fe3O4/HDTMS coating, both 
polyester and wool fabrics turned superhydrophobic with magnet responsive 
property, and the coating showed high washing durability as well (Table 4.5). 
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4.2.7 Applications in oil recovery 
Porous materials with a superhydrophobic, but superoleophilic surface offer 
applications in oil recovery. When the materials have a magnetic property, they can 
be positioned through an external magnetic field.  To prove this, we used a piece of 
our superhydrophobic fabric to recover hexadecane in water. Upon placing the 
coated fabric in hexadecane polluted water, the fabric floated on water surface 
without sinking. Actuated by a magnetic bar, the fabric can be moved to approach 
the oil contaminated area. Once oil drops attached to the fabric, they were absorbed 
rapidly into the fabric matrix. In this way, the oil on water surface was cleanly 
entirely by a small piece of the fabric (Figure 4.14). 
 
Figure 4.14 Removal of hexadecane from water surface using superhydrophobic 
cotton fabric (hexadecane (1 ml) was colored with oil red for precise observation, 
fabric (5 cm * 5 cm)).  
 
It was noted that this fabric was reusable for oil recovery. After 10 cycles of 
absorption-desorption, the fabric maintained superhydrophobicity, and the oil 






Figure 4.15 a)-b) Water CA and oil absorption capacities for the six kinds of oily 
liquids of the fabric after 10 cycles of absorption-desorption. 
 
We also tested the use performance of the Fe3O4/HDTMS coated fabric (without 
PDA pre-coating). As expected, after 10 cycles of absorption-desorption tests, the 
fabric lost both superhydrophobicity and magnetic response (Table 4.4), though the 
oil absorption capacity remained to a certain extent (Figure 4.16). The PDA per-







Figure 4.16 a) Water CA and b) oil absorption capacities for the six kinds of oily 
liquids of the fabric (without PDA coating) after 10 cycles of absorption-desorption. 
 
4.2.8 Mechanism 
Figure 4.17 shows the possible route of dopamine polymerization [107, 149-151]. 
Dopamine can self-polymerize into PDA, which forms a thin coating layer on the 
substrate and it can further undergo secondary reaction like grafting of polymers, 
nanoparticles, and other functional molecules [22]. The coated fabric showed lower 
optical transmittance in the UV-VIS region (wavelength 200-800 nm), which 
indicates that PDA on the surface (Figure 4.2b). In our case, hydrolyzed HDTMS 
can interact with Fe3O4 nanoparticles and catechol groups on PDA. Fe3O4 
nanoparticles endow the fabric with the magnetic property, and HDTMS lowers the 
surface energy of fabric. Moreover, PDA can immobilize Fe3O4 nanoparticles and 
HDTMS on the surface of the fiber, hence improve the durability. The thicknesses 
of PDA and HDTMS/Fe3O4 coatings measured based on the TEM image were 
about 80 nm and 20 nm, respectively (Figure 4.7a). The mechanism of 





Figure 4.17 Possible polymerization mechanism of dopamine. 
 
 





1. We have prepared a magnetic superhydrophobic fabric using waterborne, 
fluorine-free coating solutions. The coating treatment is free of organic solvent and 
fluoride, hence environmentally friendly.  
2. The coating is durable enough to withstand at least 50 cycles of home laundries 
and 500 cycles of Martindale abrasions without losing its superhydrophobicity and 
magnetic property. The PDA pre-coating plays a significant role in improving the 
adhesion of hydrophobic Fe3O4 nanoparticles on the fabric surface.  
3. The coated fabric is highly oleophilic (oil contact angle = 0°). When used for 
absorbing oil, the coated fabric floats naturally on the surface of the oily water, and 
it can be moved to approach oil drops under magnetic actuation.  
4. The fabric is reusable for at least 10 cycles. Such a magnet-responsive 















Chapter 5 Amphibious Superamphiphilic Fabrics with 
Self-healing Underwater Superoleophilicity 
Chapter four describes durable superhydrophobic fabrics with magnet responsive 
property were prepared by a two-step coating technique using polydopamine, Fe3O4 
nanoparticles, and hexadecyltrimethoxysilane as coating materials. When used for 
absorbing oil, the coated fabric floats naturally on the surface of the oily water, and 
it can be moved to approach oil drops under magnetic actuation. In underwater state, 
it also has been developed to absorb oil. Chapter five describes that amphibious 
superamphiphilicity had a high resilience against moisture environment when used 
for recovery of oil from water. 
Most of the superamphiphilic surfaces reported so far show an oleophobic feature 
in the underwater environment because once they are wetted with water, their 
wettability is governed by the water layer adsorbed on the surface. In contrast, 
underwater oleophilic surfaces often show superhydrophobicity-oleophilicity at dry 
state in the air. A challenge remains in developing a superamphiphilic surface that 
shows both superhydrophilicity and underwater superoleophilicity (i.e., underwater 
superamphiphilicity). Herein, we demonstrate a novel strategy to prepare a surface 
that simultaneously possesses superamphiphilicity in the air and underwater 
environment (also referred to as “amphibious superamphiphilicity” in this work). 
A single-step wet-chemical coating method was employed to apply a cross-linkable 
polymer material, which consists of hydrophilic and oleophilic functional groups, 
onto fabric substrate. The fabric after coating treatment exhibited amphibious 
superamphiphilicity with a contact angle of 0° for water and oils. In the dry state, 




18.4-50.8 mN/m to spread entirely on the surface. In water, although the fabric was 
quickly wetted, it still allowed oils to spread completely into the wetted fabric 
matrix in less than 1 minute. More interesting, the underwater superoleophilicity is 
self-healable against chemical damages. We further showed that such amphibious 
superamphiphilicity had a high resilience against moisture environment when used 
for recovery of oil from water. No matter whether the fabric was at dry or pre-
wetted state, it showed a similar oil absorption capability. In addition, the coating 
is durable enough against various harsh damages. Such unusual 
superamphiphilicity may offer novel properties and applications in diverse fields.  
 5.1 Experimental section 
 5.1.1 Preparation of Coating Solution 
5 g glycerol propoxylate triglycidyl ether (GPTE) and a drop of 1-methylimidazole 
were added to 50 ml ethanol and then stirred for 30 min. 1 g octadecylamine (ODA) 
was added to the as-prepared solution and stirred overnight. The slightly turbid 
solution further stirred for 15 min at 50 °C. After that, a transparent solution was 
prepared for coating. 
 5.1.2 Coating treatment 
The substrates were immersed in the coating solution for 1 min, and dried at room 
temperature for 5 min and finally cured at 150 °C for 1 hour. After heating, the 
fabric was rinsed with ethanol, and then heated at 150 °C for 10 min. 
 5.1.3 Self-healing test 
Two methods, UV-irradiation, and air plasma treatment were employed to damage 




model EPS-100/F, wavelength mainly at 254 nm, intensity 38 mW/cm2) was used 
to irradiate the superamphiphilic fabric on one fabric side. For each UV-irradiation 
treatment, 10 hours of irradiation was employed, and the irradiated fabric was 
heated at 150 °C for 30 min. For air plasma treatment, the coated fabrics were 
subjected to a vacuum plasma treatment using a purpose made plasma machine 
consisting of a vacuum chamber, a radio-frequent plasma generator (T & C Power 
Conversion, Inc. AG0201HV), an electrode system, and a gas supplying system. 
For each plasma treatment, 5 min of plasma treatment under a power of 28 W was 
used, and plasma treated fabric was then heated at 150 °C for 30 min. 
 5.2 Results and discussion 
 5.2.1 Synthesis of coating solutions 
To preparing the amphibious superamphiphilic fabric, the woven polyester fabric 
was used as a substrate, and a dip coating technique was used for coating treatment. 
The coating solution was prepared by mixing GPTE with ODA in ethanol. Figure 
5.1 shows the chemical structures of GPTE and ODA and the possible reaction 
product (GPTE-ODA). GPTE can react with ODA through an epoxide-amino 
coupling reaction. The reaction ratio of GPTE : ODA is 5:1, so the GPTE is  
excessive. Therefore, it is possible that single epoxy group that does not take part 
in the reaction. After the reaction, the solution looks transparent. It was very stable 
in ambient condition. After storage at room temperature for one month, the solution 





Figure 5.1 Chemical structures of GPTE, ODA, and GPTE-ODA, and schematic 
illustration of the procedure for coating treatment. 
 
Figure 5.2 Photos to show the coating solution before and after one-month storage 
at room temperature. 
 
The GPTE-ODA epoxide-amino coupling product was verified by Fourier 
transform infrared (FTIR) spectroscopy (Figure 5.3). After grafting with ODA, new 
peaks at 2927 cm−1 and 2863 cm−1 occurred, which were assigned to the C–H 
stretching vibrations of methylene in the alkyl group. Also, the peaks of amino 
disappeared, which confirmed that one amino group reacted with two epoxy groups 
to form a tertiary amine. The product was also confirmed by nuclear magnetic 




that the reaction product had a weight-average molecular weight (Mw) of 10,653 g 
mol-1 when GPTE and ODA in the reaction solution were in the ratio of 5:1 (wt/wt) 
(Figure 5.5).  

















H NMR spectrum of GPTE-ODA compound. 




Figure 5.5 Differential molecular weight distribution curve for GPTE-ODA. 
 
Figure 5.1 also shows the coating procedure for fabric treatment. A dip-coating 
method was employed to apply the coating solution onto polyester fabric. After 
drying and curing, a conformal coating layer was formed on fiber, and crosslinking 
reaction took place between epoxide and secondary alcohol in the GPTE-ODA. The 
reaction of epoxide with secondary alcohol was well reported in the field of epoxy 
resin [152-154]. Such an etherification reaction took place during the curing 
process. The reaction mechanism is illustrated in Figure 5.6. After curing, the C-O 






Figure 5.6 The reaction mechanism of crosslinking reaction. 
 






Figure 5.7 FTIR spectra of GPTE-ODA before and after curing. 
 
 5.2.2 Surface morphologies 
The surface morphology of the polyester fabric before and after coating treatment 
was observed by the scanning electron microscope (SEM). For the uncoated fabric, 
the fibers had a smooth surface, whereas the fiber after coating treatment became 




fiber after coating treatment increased the root-mean-square (RMS) roughness from 
7.9 nm to 22.4 nm (Figures 5.9). 
 
Figure 5.8 SEM images of polyester fibers before and after coating treatment (scale 
bar 5 µm). 
 
 





 5.2.3 Chemical components 
The surface chemistry of the polyester fabric before and after coating treatment was 
examined by FTIR and X-ray photoelectron spectroscopy (XPS) (see the spectra in 
Figures 5.10 & 5.11). After coating treatment, new peaks at 2927 cm−1 and 2863 
cm−1 occurred in the FTIR spectra, which were assigned to the C–H stretching 
vibrations of methylene in the alkyl group. The new peak at 1371 cm−1 was assigned 
to the CH3 symmetric deformation. The peaks at 1096 cm-1 strengthened, 
corresponding to the stretching vibration of C-O-C. The new peaks at 931 cm−1 
corresponded to the epoxy group asymmetric vibration. These results indicate that 
ODA and GPTE exist on the fiber surface.  
The XPS survey spectrum of the coated fabric indicated the presence of elements 
N, confirming that ODA exists on the fiber surface (see Figure 5.11a & Table 5.1). 
The high-resolution XPS C1s spectra showed the peaks at 289.1, 287.7, 286.5, 
285.7, 285.0 eV (Figure 5.11b), corresponding to the C-N, epoxy, C-O, C-OH, and 














Figure 5.10 FTIR spectra of polyester fabric before and after coating. 
 
 







Table 5.1 Element contents on the coated polyester surface 





5.2.4 Surface wettability 
Figure 5.12 shows the wettability of the polyester fabric before and after coating 
treatment. At dry state in the air, the control polyester fabric showed hydrophobic 
but oleophilic, with a contact angle (CA) about 130° (Figure 5.13a) for water and 
0° for oil fluids (e.g., gasoline, dichloromethane (DCE), diesel, and diiodomethane). 
After coating treatment (GPTE and ODA, weight ratio 5:1), the fabric became both 
hydrophilic and oleophilic with a CA of 0° for water and the oil mentioned above 






Figure 5.12 Photos of water (1), gasoline (2), DCE (3), diesel (4), and 








Figure 5.13 a) Water CA of uncoated polyester fabric. b) A water droplet (~5 µL) 
spread on the coated polyester fabric. 
 
When the uncoated polyester fabric was immersed in water, some air bubbles were 
trapped in the fibrous matrix, due to the hydrophobic feature. When the oil is 
dropped onto the fabric in water, oil fluids easily spread into the fabric. Upon 
removing the air bubbles forcedly, e.g., through long time vacuuming, oil fluids 
was repelled strongly by the wetted fabric (Figure 5.14).  
 
Figure 5.14 After vacuuming to remove the plastron layer, the uncoated polyester 




For the coated polyester fabric, once was immersed in water it became thoroughly 
wetted without plastron layer at the liquid-solid interface. When dropping gasoline, 
DCE, diesel, and diiodomethane onto the fabric, however, all the oil droplets can 
spread into the fabric matrix easily in a short time. Figure 5.15 shows still frame 
taken from two videos recording gasoline and DCE on the coated fabric in water. 
Both oils drops spread into the wetted fabric in a short time (< 3 seconds). Figure 
5.15 also shows diesel and diiodomethane spreading in the coated fabric in water. 
The times for gasoline, DCE, diesel, and diiodomethane (10 μL each) to spread 
completely into the coated fabric were 2.5 s, 0.5 s, 6.5 s, and 10.5 s, respectively. 
 
Figure 5.15 Still frames taken from videos to show the wetting of oil droplets (~10 




To exclude the effect of fabric structure on wetting performance, we tested the 
wettability of a GPTE–ODA-coated thick PET film and glass slide (the coating 
method is similar to that of the polyester fabric). Without coating treatment, both 
the PET film and glass slide show in-air amphiphilicity. As seen in Figure 5.16 and 
Figure 5.17, the uncoated substrates in water show an oleophobic surface. For 
uncoated PET film, the CA underwater for diesel was 92°. The uncoated glass slide 
showed a similar feature with a diesel CA underwater of 91.5°. After GPTE–ODA 
coating treatment, however, both the PET film and glass slide showed 
superamphiphilicity in the air and underwater states. They showed CAs less than 
10° for all the liquids studied, no matter whether in the normal state or underwater 
environments. These results indicate that our superamphiphilic coating in general 





Figure 5.16 Dropping various liquids on the surfaces of PET films and glasses in 






Figure 5.17 CA data of the uncoated and GPTE–ODA coated PET films and 
glasses. 
 
Figure 5.18 shows dropping DCE onto the treated PET film which was pre-wetted 
with water. As expected, DCE quickly spread on the surface meanwhile water was 






Figure 5.18 DCE droplet spread on the water pre-wetted PET film (treated). 
 
To verify the stronger affinity of the coated fabric to oil fluids than water, we 
dropped water onto the coated fabric which was fully immersed in oil. As expected, 
water droplets cannot spread into the oil wetted fabric (Figure 5.19). In the oil 
environment, the fabric had large water CA (168° in gasoline, 166° in diesel, and 







Figure 5.19 Dropping water on the coated polyester under a) gasoline, b) diesel 
and c) soybean oil. 
 
Since the coated fabric has CA of 0° for both oil and water, the concept of lipophilic 
to the hydrophilic ratio (L/H) was introduced to represent the in-air affinity to oil 





Where cos θo and cos θw are the contact angles of oil and water, respective. Small 
values of L/H mean the coating is hydrophilic and large values mean the coating is 
lipophilic. As shown in Table 5.2, the oil and water CAs of the coated silicon wafer 
was measured, and then the L/H values were calculated. The results showed that 





Table 5.2 CA on the coated silicon wafer and calculated L/H value. 
liquids CA (°) L/H 
Hexane 0 1.05 
Heptane 0 1.05 
Gasoline 0 1.05 
Cyclohexane 0 1.05 
Dodecane 0 1.05 
Dichloromethane 0 1.05 
Tetradecane 0 1.05 
Pentadecane 0 1.05 
Hexadecane 0 1.05 
Chloroform 0 1.05 
Diesel 0 1.05 
Soybean oil 8.2 1.04 
Olive oil 9.8 1.03 
1,2-Dichloroethane 0 1.05 
Terpineol 7.3 1.04 
Diiodomethane 21.3 0.98 
Water 17.5 / 
 
 5.2.5 Replacement of water with oil 
Water pre-wetted fabric (GPTE-ODA coated) was immersed into DCE. Water was 
substituted with oil rapidly (Figure 5.20). Similar results were also observed when 





Figure 5.20 Immersing a piece of water pre-wetted polyester fabric (GPTE-ODA 
coated) in DCE, gasoline, and diesel. 
 
It is known that cotton fabric has a superamphiphilic surface in air, but oleophobic 
in an underwater environment. When the cotton fabric was pre-wetted with water 
and then immersed in oils, water was still kept within cotton fabric (Figure 5.21). 
This wetting behavior is different from our GPTE-ODA treated polyester fabric 






Figure 5.21 Immersing a piece of water-soaked cotton fabric (uncoated) in DCE, 
gasoline, and diesel. 
 
To probe the extent of water being substituted by oil, we conducted 
thermogravimetric analysis (TGA) on the GPTE–ODA fabric. To doing this, the 
fabric was pre-wetted with water and then immersed in hexadecane. After taking 
from hexadecane, the samples were subjected to a TG scan. For comparison, the 
fabric just immersed in hexadecane without pre-wetting with water was also tested. 
As shown in Figure 5.22, both the water pre-wetted and the non-pre-wetted samples 
show almost identical TG features. No weight loss associated water was observed 








































Figure 5.22 TGA and DTG curves of GPTE–ODA coated fabrics. 
 
To further prove the replacement of water with oil, the GPTE–ODA coated fabric 
was firstly wetted with an aqueous NaOH solution (pH = 9), and the pre-wetted 
fabric was then immersed in diesel. After gently shaking with hand for 30 s, the 
fabric was taken out; the phenolphthalein-ethanol solution was then dropped onto 
the fabric. No color change was observed in the fabric (Figure 5.23a), suggesting 
the neutral surface. In contrast, when the uncoated fabric was subjected to the same 
test, a pink color was developed just in a few seconds (Figure 5.23b). These results 
indicate that the majority of water is removed from the pre-wetted fabric after 





Figure 5.23 Dropping phenolphthalein solution on: (a) coated fabric, (b) uncoated 
fabric. The fabrics were pre-wetted with NaOH solution (pH = 9) and then 
immersed in diesel before dropping phenolphthalein solution on the fabric surface. 
 
5.2.6 Wettability of coated fabric under water 
A series of liquids having different surface tension values in the range of 18.4-72.8 
mN/m was used to probe the wettability of the coated fabric both in the air and 
underwater states (Table 5.3). All the oils selected were immiscible to water. These 
oil fluids showed different spreading time, suggesting the effect of fluid properties 
on spreading behavior. Figures 5.24 show the effect of liquid surface tension and 
viscosity on the spreading time. In both air and underwater states, the spreading 
time generally increased with increasing viscosity, while the surface tension was 
not linearly related to spreading time. The correlation is not very good, and the 
results may be affected by several factors. Solubility may be the influence factor. 
The in-air spreading time was shorter than that in the underwater state. This is 
probably because oils in water move more slowly due to the more considerable 















in the air (s) 
Spreading time 
underwater (s) 
Hexane 18.43 0.33 0.11 ± 0.02  1.10 ± 0.21  
Heptane 20.14 0.42 0.08 ± 0.02  1.65 ± 0.17  
Gasoline 21.56 0.55 0.11 ± 0.02  2.18 ± 0.50  
Cyclohexane 24.95 0.98 0.18 ± 0.02  0.43 ± 0.09  
Dodecane 25.35 1.34 0.11 ± 0.02  6.68 ± 1.85  
Dichloromethane 26.50 0.43 0.09 ± 0.02  0.47 ± 0.07  
Tetradecane 26.56 2.81 0.23 ± 0.06  8.94 ± 4.12  
Pentadecane 26.90 3.73 0.28 ± 0.02  8.61 ± 2.56  
Hexadecane 27.47 3.04 0.25 ± 0.02  12.04 ± 3.64  
Chloroform 27.50 0.56 0.07 ± 0 .00 0.48 ± 0.05  
Diesel 28.30 3.16 0.23 ± 0.03  5.90 ± 0.71  
Soybean oil 31.50 80.00 5.27 ± 0.70  47.54 ± 6.80  
Olive oil 32.00 81.00 5.40 ± 1.41  36.02 ± 4.65  
1,2-Dichloroethane 32.20 0.84 0.08 ± 0.02  0.50 ± 0.09  
Terpineol 33.20 40.00 5.23 ± 0.24  4.81 ± 0.21  
Diiodomethane 50.80 2.76 0.12 ± 0.02  12.84 ± 5.03  






Figure 5.24 Dependency of spreading time on a) surface tension and b) viscosity 
of various liquids in air and underwater. 
 
The role of GPTE and ODA in the coating was examined by varying their weight 
ratio in the coating solution (Table 5.4). When the polyester fabric was treated by 
GPTE only, the fabric became superhydrophilic and underwater superoleophilic for 
cyclohexane, DCE, chloroform, 1,2-dichloroethane, and terpineol. At the 
GPTE/ODA weight ratio of 20:1, the underwater superoleophilicity extended to 
three other oils, gasoline, diesel, and diiodomethane. When the weight ratio 
changed to 5:1, the fabric showed superoleophilicity both in air and underwater for 




the air with water CA about 140°. The fabric treated by the weight ratio of 5:1 
GPTE/ODA showed the best results. 
 
Table 5.4 Effect of coating formula on wettability 
                                         Fluids  Wettable (Yes or No) 
GPTE:ODA*  1:1 3:1 5:1 15:1 20:1 Only GPTE 
Dry state in 
air Water 
NO 
(CA140°) YES YES YES YES YES 
Under water 
Hexane / YES YES NO NO NO 
Heptane / YES YES NO NO NO 
Gasoline / YES YES YES YES NO 
Cyclohexane / YES YES YES YES YES 
Dodecane / YES YES NO NO NO 
Dichloromethane / YES YES YES YES YES 
Tetradecane / YES YES NO NO NO 
Pentadecane / YES YES NO NO NO 
Hexadecane / YES YES NO NO NO 
Chloroform / YES YES YES YES YES 
Diesel / YES YES YES YES NO 
Soybean oil / YES YES NO NO NO 
Olive oil / YES YES NO NO NO 
1,2-
Dichloroethane / YES YES YES YES YES 
Terpineol / YES YES YES YES YES 
Diiodomethane / YES YES YES YES NO 
 
                       Fluids Spreading time (s) 
GPTE:ODA*  3:1 5:1 
Dry state in air Water 1.01 0.45 
Under water Gasoline 3.01 2.18 
Dichloromethane 0.50 0.47 
Diesel 6.89 6.21 




5.2.7 Self-healing property 
More interestingly, the coated fabric showed a self-healing underwater 
superoleophilicity (Figure 5.25). To prove it, we deliberately damaged the coated 
fabric by vacuum plasma treatment using an air source or UV irradiation. After 5 
min plasma treatment, the fabric turned underwater superoleophobic with 
underwater over 150° for gasoline and diesel. Such an underwater 
superoleophobicity can be maintained for at least 1 day. After 3 days, the fabric 
still showed oleophobicity, and the CA underwater was 115° and 104° for gasoline 
and diesel, respectively (Figure 5.26a). The self-healing test was conducted just 
after the plasma treatment of UV irradiation. In this case, the fabric had stable 
superoleophobicity. When the fabrics of plasma damaged were heated at 150 °C 
for 30 min, underwater superoleophilicity was restored. This self-healing property 
was repeatable and worked for many cycles. Figure 5.26b shows the change in 
underwater gasoline CA with plasma-and-heat cycles. After 10 cycles, the fabric 




Figure 5.25 Photos to show self-healing underwater superoleophilicity (blue 






Figure 5.26 a) Changes in underwater gasoline and diesel CAs with time for the 
GPTE–ODA coated fabric after plasma treatment. Changes in underwater b) 
gasoline and c) diesel CA with plasma-and-healing cycles. 
 
Similarly, the self-healing property also worked after damage by UV light. When 
the coated fabric was irradiated under UV for 10 h, the fabric turned underwater 
superoleophobic as well, with CA underwater greater than 150° for gasoline and 
diesel. This underwater superoleophobicity was stable for at least 4 days (Figure 
5.27a). However, when the just UV irradiated fabric was subjected to a heating 
treatment at 150 °C for 30 minutes, it restored the underwater superoleophilicity 
(Figure 5.27b-c). This self-healing property was repeatable and worked for many 





Figure 5.27 a) Changes in underwater gasoline and diesel CAs with time for the 
GPTE–ODA coated fabric after 10 hours UV irradiation. Changes in underwater b) 
gasoline and c) diesel CA with UV damage-and-healing cycles. 
 
5.2.8 Oil absorption property 
The amphibious superamphiphilic fabric is expected to have potential applications 
in oil absorption and recovery. As a demonstration, we tested the oil absorption 
ability of the coated polyester fabric in both dry and underwater state. No matter 
whether the fabric is in dry or water pre-wetted, it showed almost identical oil 
absorption capability (Figure 5.28 & Figure 5.29). This is much different to the 
ordinary superoleophilic materials, which lose the oil absorption ability once the 




amphibious superamphiphilicity with great potential for applications in the 
moisture environment. 
 




Figure 5.29 Oil absorption yield of the coated polyester fabric in dry and water pre-
wetted states (Dodecane, diesel, terpineol are less dense than water, and the density 





Washing and abrasion durability of the coated fabrics were evaluated according to 
AATCC 61-2006 and ASTM D4966 standards. Acid and base stability was 
examined by immersing the coated fabric in hydrochloric acid (pH = 1) or sodium 
hydroxide solution (pH = 14) at room temperature for 24 hours. After these harsh 
damages, SEM images showed that a slight coating was removed from the surface 
after harsh damages. The coated polyester fabric still showed superamphiphilic 
property both in air and underwater states. Water was still able to spread on the 
fabric completely. The underwater spreading times of gasoline, dichloromethane, 





Figure 5.30 SEM (scale bar 5 µm) and photos of coated polyester fabric after harsh 
damages, a) after 50 cycles of washing, b) after 1000 cycles of abrasion test, and 
after immersing in c) HCl solution (pH=1) and d) NaOH solution (pH=14) for 24 





Table 5.5 Wettability of coated polyester fabric after harsh damages 
Fluids  
(~ 10 µL) 












Water (in air) 5.62 ± 0.38  1.42 ± 0.14  0.42 ± 0.10  0.52 ± 0.07  
Gasoline  
(under water) 2.26 ± 0.34  2.13 ± 1.08  2.38 ± 1.04  2.15 ± 0.67  
Dichloromethane 
(under water) 0.63 ± 0.03  0.47 ± 0.02  0.53 ± 0.09  0.51 ± 0.12  
Diesel  
(under water) 9.53 ± 1.86  6.85 ± 2.19  5.74 ± 1.54  5.26 ± 1.95  
Diiodomethane 
(under water) 30.96 ± 5.54  29.61 ± 3.35  15.15 ± 2.82  16.47 ± 4.01  
 
5.2.10 Surface energy of the coating material 
To further understand the mechanism of wide-spectrum superamphiphilicity, we 
tested the surface energy of the coating material using Wu’s method [155]. Based 
on the equations below, the surface tension of the coating was calculated: 
 





























 = 21.8 mN/m and γlv
p
 = 51 mN/m. For ethylene glycol, γlv
d
 = 32.8 
mN/m and γlv
p
 = 16 mN/m. 
Equation 1 referred to the paper [156]. 
Equation 2 is Young’s equation. 
 
5.2.11 Bending Modulus 
The coating has little effect on the fabric handle. After coating, the bending 
modulus of the coated polyester fabric increased slightly from 4.9 × 105 and 5.6 × 
105 g/cm to 5.1 × 105 and 6.2 × 105 g/cm in both warp and weft directions (Table 
S7). 




) Warp Weft 
Uncoated 4.9 × 105 5.6× 105 







In underwater environments, when an oil droplet stays stably on a solid surface, 
thermodynamic equilibrium is reached among the oil phase, solid phase and water 
phase (Figure 5.31).  According to Young’s equation, 
γSW = γSO + γWO cosθO 
where γSO is solid–oil interfacial tension, γSW is the interfacial tension of solid–water, 
and γWO is water-oil interfacial tension. The Gibbs free energy (DG) for replacement 
of the solid–water interface with a solid–oil interface can be expressed as  △G = 
γSW - (γSO + γWO). Combining the two equations will give 
△G = (γSW - γSO)(cosθO - 1)/cosθO. 
For an underwater oleophilic surface, θO ≤ 90, thus cosθO – 1 ≤ 0. To allow 
automatic replacement of water with oil, △G < 0, thus γSW - γSO > 0. γSW > γSO implies 
that oil spreading on the solid surface will require less energy than water. The solid 
surface should have a stronger affinity to oil than water. 
 




A possible mechanism was proposed to explain this amphibious 
superamphiphilicity, as illustrated in Figure 5.32. ODA has a hydrophobic/ 
oleophilic feature while GPTE is amphiphilic. ODA can graft onto GPTE via the 
epoxide-amino reaction. The GPTE-ODA epoxide-amino coupling product was 
verified by Fourier transform infrared (FTIR) spectroscopy (Figure 5.3) and nuclear 
magnetic resonance (Figure 5.4). After curing, a crosslinking network is formed to 
immobilize the functional groups in the coating layer (Figure 5.32a). In the air, 
although hydrophobic/oleophilic ODA segments are on the surface, the dominant 
component on the fiber surface is GPTE as GPTE and ODA in the reaction solution 
were in the ratio of 5:1 (wt/wt). As a result, water/oil can spread on the surface 
rapidly (Figure 5.32b). When the coated fabric is immersed in water, the fiber 
surface was surrounded by water. Upon oil molecules are contacting with the 
surface, they were captured firstly by ODA segments, facilitating oil to spread on 
the fiber surface. Meanwhile, water was substituted with oil rapidly (Figure 5.32b). 
The self-healing property was explained by the change of surface energy. When the 
coated fabric was subjected to plasma treatment, high polarity groups such as 
hydroxyl, carbonyl, and carboxyl groups were introduced onto the surface. For the 
UV irradiation, a part of the crosslinked coating was decomposed as well as the 
introduced hydrophilic groups by oxidation in air. After heating, the low surface 
moieties in the coating layer migrated to the surface to cover the polarity groups. 





Figure 5.32 a) Schematic diagram to illustrate the formation of GPTE–ODA 
coating. b) Possible wetting mechanism of the GPTE–ODA coating. c) Possible 
self-healing mechanism of underwater superoleophilicity. 
 
5.3 Conclusion 
1. We have demonstrated a novel method to make fabric have a superamphiphilic 
surface working simultaneously in air and underwater by using a novel polymer 
that is cross-linkable and consists of both hydrophilic and oleophilic functional 
groups.  
2. The co-existence of hydrophilic and oleophilic functionality plays a crucial role 




3. Such amphibious superamphiphilicity is self-healable against plasma and UV 
irradiation damage. 
4. The resilience to moisture environment offers the amphibious 

















Chapter 6 Novel, Precondition-free, Underwater 
Directional Oil-transport on Superamphiphilicity Fabrics 
Previous underwater directional oil transport (UW-DOT) across porous media was 
typically achieved under a precondition, either pre-wetting with oil or requiring a 
plastron layer on the oleophilic surface. A challenge remains in making an UW-
DOT porous medium function by just placing in water without oil-pre-wetting, 
plastron layer or any other prerequisites. In this study, we developed a novel 
concept of preparing UW-DOT fabrics that functioned without precondition. A 
two-step treatment method was employed to apply a cross-linkable polymer 
material, which composes of hydrophilic and oleophilic functional groups, onto 
fabric substrate. The coated fabric showed amphibious superamphiphilicity with a 
contact angle of 0° for both water and oil fluids. After 2 hours of UV irradiation, 
the fabric showed UW-DOT, though the fabric remains in-air superamphiphilicity. 
UW-DOT functioned just by immersing the treated fabric in water, without pre-
wetting with oil. Because of the underwater superamphiphilicity, no plastron layer 
water formed on the fabric when it was immersed in water. We further showed that 
such a UW-DOT could be used for water-oil separation. When the oil is collected 
by the collector sealed with UW-DOT fabric, oil can be locked into the collector 
without second time release. This precondition-free, UW-DOT fabric may be useful 
for the development of advanced oil recovery devices.  
 




 6.1.1 Preparation of underwater directional oil transport fabric 
In the first step, the amphibious superamphiphilic fabric was prepared according to 
our previous report. 5 g GPTE and a drop of 1-methylimidazole were added to 50 
ml ethanol and then stirred for 30 min. 1 g ODA was added to the as-prepared 
solution and stirred overnight. The slightly turbid solution further stirred for 15 min 
at 50 °C. After that, a transparent solution was prepared for coating. In the second 
step, the coated polyester fabric was irradiated under a UV lamp (Spectroline, 
model EPS-100/F, wavelength mainly at 254 nm, intensity 38 mW/cm2) just from 
one fabric side. After irradiation, the fabric showed an underwater one-way 
transport effect to oil fluids. 
 6.2 Results and discussion 
 6.2.1 Synthesis of coating solutions and coating process 
The UW-DOT fabric was fabricated by a two-step treatment method as 
schematically illustrated in Figure 6.1. In the first step, the fabric substrate was dip-
coated with a coating solution containing glycerol propoxylate triglycidyl ether 
(GPTE) and octadecylamine (ODA). This treatment made the fabric have a 
superamphiphilic surface in both air and underwater states [157], with a contact 
angle (CA) of 0° for both water and oils. The fabric showed almost identical surface 





Figure 6.1 Chemical structures of GPTE and ODA, and schematic illustration of 
the procedure for coating treatment. 
 
In the second step, the coated fabric was subjected to a single-side UV irradiation. 
The coated fabric was irradiated under a UV lamp (wavelength mainly at 254 nm, 
intensity 38 mW/cm2) just on the one side. Figure 6.2 illustrates the UV irradiation 
procedure.  
 
Figure 6.2 Illustration of the procedure for UV irradiation, as well as hexane 




After 10 hours of the UV irradiation, the fabric still showed superamphiphilic in 
the air (Figure 6.3). However, in an underwater state, the irradiated surface became 
superoleophobic, with an oil CA of 159° (Figure 6.4), whereas the non-irradiated 
side still maintained underwater superoleophilicity.  
 
Figure 6.3 Photos of water and hexane droplets (~ 10 µL) on the coated polyester 




Figure 6.4 After 10 hours UV irradiation, hexane droplet on the coated polyester 
fabric in the underwater state with an oil CA of 159° (UV exposed side). 
 
6.2.2 Surface morphology 
After the first step of treatment, a conformal coating layer was formed on the fiber 
(Figure 6.5a). After 10 hours UV irradiation, the UV exposed surface showed some 





Figure 6.5 SEM images of a) coated fibers, b) UV exposed side, and c) unexposed 
side. 
 
Atomic force microscope (AFM) imaging confirmed the morphology change after 
10 hours UV irradiation (Figure 6.6). However, the UV irradiation showed little 
effect on the air permeability (Figure 6.7).  
 
 






























Figure 6.7 Air permeability of the fabric before and after 10 hours UV irradiation. 
 
6.2.3 Surface chemistry 
The surface chemistry of the coated fabric before and after UV irradiation was 
examined by Fourier transform infrared (FTIR) spectroscopy and X-ray 
photoelectron spectroscopy (XPS). When the coated fabric was subjected to the UV 
irradiation, high polarity groups were introduced onto the surface. As shown in 
Figure 6.8, the peak at 3430 cm-1 of UV exposed side strengthened, which was 
corresponding to the hydroxyl group (-OH). For the coated fabric, the peaks at 2970 
and 2922 cm-1 corresponded to the asymmetric and symmetric vibrations of 
methylene (–CH2–) in the alkyl group. After the UV irradiation, the peaks of 
methylene on the UV exposed surface reduced observably due to the decomposition 













Figure 6.8 FTIR spectra of coated fibers before and after 10 hours UV irradiation. 
 
Figure 6.9 shows the XPS survey spectra of both sides of the fabrics after 10 hours 
of UV irradiation. The fabric showed elements C, O, and N on the surface, and the 
element contents are exhibited in Table 6.1. After 10 hours UV irradiation, UV 
exposed side showed that the atomic content of C1s decreased and atomic content 















Figure 6.9 XPS survey spectra of the coated fibers after 10 hours of UV treatment. 
 
Table 6.1 Element contents on the fabric surface 
Element 
Element contents of 10 
hours UV exposed side 
(Atomic%)  
Element contents of 
unexposed side 
(Atomic%)  
C1s 78.72 82.80 
O1s 19.97 15.90 
N1s 1.31 1.30 
 
When the coated fabric was subjected UV irradiation, high polarity groups such as 
hydroxyl, carbonyl, and carboxyl groups were introduced onto the surface. XPS 
high-resolution C1s and N1s spectra of UV irradiated side are shown in Figures 
6.10. The peak at binding energy 289.3 eV was attributed to the C-N and COOH 
groups. The peak at 288.3 eV was attributed to an epoxy group. The peak at 286.6 




The peak at 285.2 eV corresponded to C-OH group. The peak at 285 eV 
corresponded to C-C and C-H groups. Also, N1s also showed a peak at 400.4 eV. 
 
Figure 6.10 XPS high-resolution a) C1s spectra and b) N1s spectra of UV treated 
(10 hours) fabric. 
 
The XPS high-resolution C1s and N1s spectra of the unexposed side are shown in 
Figure 6.11, which showed similar results to the coated fabric [157]. 
 






6.2.4 Surface wettability 
It was interesting to note that the fabric after 2 hours UV irradiation on one side 
showed an underwater directional transport capability for hexane. At dry state in 
the air, the fabric showed superamphiphilic on both sides. Figures 6.12 shows 
dropping water and hexane on the front surface of the fabric. It took 1.5 s for water 
to spread into the fabric matrix, whereas hexane spreading took shorter time, around 
0.15 s.  
 
Figure 6.12 a) dropping water (5 µL) and b) dropping hexane (5 µL) on the 2 hours 
UV treated fabric in the air. 
 
In the underwater environment, hexane (~ 10 µL) penetrated through the fabric 
from the front surface, i.e., UV-irradiated surface (Figure 6.13a). When hexane was 
dropped onto the back side, i.e., unexposed side, however, the hexane droplet 
spread along the surface without penetration through the fabric (Figure 6.13b). 





Figure 6.13 Schematic illustration of UW-DOT effect and still frames taken from 
videos to show the dropping hexane (~ 10 µL) onto the UW-DOT fabric. 
 
Figure 6.14 shows the change of underwater CA with time during dropping hexane 
(~ 10 µL) on the fabric (2 hours UV treated). On the front side, the hexane CA 
decayed from 154° to 0° in 12 s. On the back side, the hexane CA reduced from 98° 
to 0° in 10 s. Although the change of the oil CA on the two sides showed a similar 
trend, oil droplets behaved differently. On the UV-irradiated front surface, oil 
penetration through the fabric, whereas on the un-exposed side, oil droplet just 
spread on the surface layer. This UW-DOT property can be achieved when the UV 

















 UV exposed side
 Unexposed side
 
Figure 6.14 Change of CA with time during dropping hexane droplets on the 2 
hours UV-irradiated fabrics. 
 
Table 6.2 Liquid-transport performance of UV irradiated fabric 
Fluids UV irradiation 0.5 hour 1 hour 2 hours 6 hours 8 hours 10 hours 
Hexane Dual-directional 
Dual-






The wettability of the fabric subjected to UV irradiation other than 2 hours was also 
investigated. At dry state in the air, the fabric always kept superamphiphilicity 
when the UV irradiation time was less than 10 hours, and the irradiation time 
showed little effect on the in air superamphililicity. However, UV irradiation time 
affected the underwater oil wettability. When the hexane droplet contact with the 0 
hours UV irradiated fabric underwater, it can spread on the surface entirely in 1.5s 




droplet on the 0 hour UV irradiated fabric in the water, which can spread into the 
wetted fabric in a short time. 












Time (s)  
Figure 6.15 Change of CA with time during dropping hexane droplets on the 0 hour 
UV irradiated fabric. 
 
 
Figure 6.16 Still frames taken from video to show the wetting of hexane droplet 
(~10 µL) on the 0 hour UV irradiated fabric under water. 
 
The oil transport time increased with increasing the UV irradiation time. This is 
presumably due to increasing irradiation time leads to thicker superoleophobic 
layer (Figure 6.17). When the UV irradiation time was longer than 6 hours, the UV 




from both sides. Hexane droplet was left on the 10-hour UV-irradiated fabric for 
24 hours; the CA only changed from maintaining 159° to 154° (Figure 6.18). 















UV irradiation time (hour)  
Figure 6.17 Oil transport time for UW-DOT fabrics prepared by different UV 
irradiation times. 
 












Time (hour)  
Figure 6.18 Change of CA with time during dropping hexane droplets on the 10 





When the coated fabric was irradiated by the UV for 1 hour, the fabric maintained 
dual-directional underwater oil transport property (Figure 6.19).  
 
Figure 6.19 Underwater oil transport performances with UV irradiation time. 
 
We further investigated the effect of oil type on transport properties. To doing this, 
two other oils, diesel, and gasoline were chosen. For diesel, the coated fabric 
showed UW-DOT property when the UV irradiation time was in the range of 3-5 








Figure 6.20 Still frames taken from videos to show the dropping of diesel (~ 10 
µL) onto a) the 3 hours UV exposed side and b) unexposed side. 
 
 
Figure 6.21 Still frames taken from videos to show the dropping of the gasoline (~ 
10 µL) onto a) the 7 hours UV exposed side and b) unexposed side. 
 
In previous papers, we reported the preparation of in-air directional fluid transport 
fabrics using UV degradation method [143]. However, the fluid motion always 
takes place from the UV un-exposed surface to the UV exposed surface. Here, the 
UV irradiated fabric showed a reverse oil motion, from the UV exposure to the UV 
un-exposed side. Also, the underwater directional oil transport took place quickly, 
just by immersing the treated fabric in the water without any pre-wetting or 
existence of plastron layer. To our knowledge, this should be the first report on the 




 6.2.5 Mechanism 
Based on the results, a possible mechanism for wettability and UW-DOT was 
proposed (Figure 6.22). Apparently, the UV irradiation led to the form of 
underwater oleophobic surface on the UV irradiated surface, whereas the UV un-
exposed surface was almost unchanged in the surface properties due to the low UV 
light intensity (Figure 6.22a). When the coated fabric was subjected to the UV 
irradiation, high polarity groups were introduced onto the surface. As shown in 
Figure 6.8, the peak at 3430 cm-1 of UV exposed side strengthened, which was 
corresponding to the hydroxyl group (-OH). It was reasonable to believe that a 
gradient from underwater superoleophobicity to underwater oleophilicity will form 
after UV irradiation. Hong et al. reported [145] that in the air state, the capillary 
force generated in the oleophilic side mainly assist the oil droplets to break through 
the oleophobic layer into the oleophilic area. In this case, the directional oil 
transport is driven by the wettability gradient, except that the transport happens in 
a water medium. In the underwater state, the UW-DOT function should obey a 





Figure 6.22 Schematic illustration of the mechanism of UW-DOT. 
 
6.2.6 Oil collection 
One of the promising applications of the UW-DOT materials is to collect oil spills 
from the water. Oil contamination of the water has become a spreading global issue 
in various fields such as industry, agriculture and our daily life. As such, the 
removal of oil from water is essential for industrial production and environment 
protection [127, 158-160]. Conventional oil recovery methods include absorbing 
with an oil absorber, burning, and spraying dispersants which are harmful to the 
environment [133]. A few papers have reported the use of UW-DOT materials for 
oil-water separation [13-15], which can only be used at present conditions (see 





Table 6.3 Summary of Underwater directional oil transport in porous structures 
Materials and 
methods 


















No Yes [15] The superhydrophobic 
layer is the reason to form 
the plastron layer. Once the 
plastron layer is removed, 
the directional oil transport 








Yes No [13] When the hydrophobic 
layer is pre-wetted with 
oil, the plastron layer does 
not need.  




Yes No [14] Both layers show the 
oleophobic property. This 
was why one layer needs 
to be pre-wetted with oil, 
otherwise showing no 








No No This 
work 




Figure 6.23 demonstrates the potential application of UW-DOT fabric for oil 
collection. Our UV-irradiated fabric was put into two tubes. Indeed, the UW-DOT 
fabric functions as a single direction valve. When oil contacted the UV irradiated 
side, it permeates the fabric and oil spread on the water surface. When oil attached 
the unexposed side, it accumulated in the small container. Our UW-DOT is superior 
to the reported UW-DOT porous materials because of natural functioning hence 
conducive to practical applications. 
 
Figure 6.23 Hexane droplets can penetrate the fabric from the superoleophobic side 
to the superoleophilic side but are blocked from the opposite direction. 
 
6.3 Conclusion 
1. We have demonstrated precondition-free, UW-DOT on a fibrous substrate based 
on gradient photo-degradation of a superamphiphilicity fabric across the thickness 
direction.  
2. However, UV degradation has a minimal effect on the fabric superamphiphilicity 
in the air. The UV irradiation time affects the oil transport features and the transport 




3. Underwater directional oil transport offers potential application of separation of 
oil from water. When the oil is collected by the collector sealed with UW-DOT 
fabric, oil can be locked into the collector without second time release.  
4. This precondition-free, underwater directional oil-transport fabric may be useful 
























Chapter 7 Conclusions 
7.1 Summary 
This PhD research has focused on obtaining fundamental knowledge of how to 
prepare multiple functional superwettability fabrics. Several key results are 
summarised below: 
1） In this study, a magnetic, superhydrophobic fabric has been successfully 
prepared using a two-step coating treatment. A thin layer of polydopamine (PDA) 
was pre-applied onto fabric substrate, followed by applying hydrophobic Fe3O4 
nanoparticles on the surface. The coated fabric showed a water contact angle of 
156° and sliding angle of 5°. The coated fabric had a superoleophilic surface. This 
allows the coated fabric to be used as an oil absorbent. We showed that the presence 
of PDA pre-coating significantly improved the adhesion of hydrophobic Fe3O4 
nanoparticles on fabric surface. The fabric was reusable for many cycles without 
losing the surface feature. Also, the magnetic feature enables the coated fabric to 
approach oil drops under the actuation of a magnetic field. 
2）In this study, a novel strategy to prepare a superamphiphilic fabric that works 
simultaneously in air and underwater environment has been developed. A polyester 
fabric was used as substrate, and a specially designed polymer, which is 
crosslinkable and consists of both hydrophilic and oleophilic functional groups, 
was used as coating material. A one-step wet-chemical coating method was 
employed to apply the coating materials onto fabric substrate. The fabric after 
treatment showed a contact angle (CA) of 0° for water. Water spread completely 
into the fabric within 1 second. Sixteen types of commonly used oil fluids (all 




superoleophilic test. No matter whether the surface was dry (in air), pre-wetted with 
water, or immersed in water, it showed a CA of 0° for the oils. In water, the oil 
fluids can spread on the fully water wetted fabric within 1 minute. Different to the 
previously reported underwater superoleophilic surfaces, our treated fabric 
achieves underwater oil spreading through a competitive repulsion mechanism to 
repel water off the surface. More interestingly, the coating showed a self-healing 
ability to restore the underwater superamphiphilicity after being damaged by a 
chemical method (e.g. oxygen plasma treatment or UV irradiation). As a 
demonstration, we further showed the amphibious superamphiphilic fabric had a 
high resilience against moisture environment when used for recovery of oil from 
water. No matter whether the fabric was at dry or pre-wetted state, it showed a 
similar oil absorption capability. 
3) In this study, a novel concept of preparing underwater directional oil transport 
(UW-DOT) fabrics that show UW-DOT without precondition has been developed. 
A two-step treatment method was employed to apply a crosslinkable polymer 
material, which composes of hydrophilic and oleophilic functional groups, onto 
fabric substrate. The coated fabric showed amphibious superamphiphilicity with 
contact angle of 0° for both water and oil fluids. After 2 hours of UV irradiation, 
the fabric showed UW-DOT, though the fabric still remain in-air 
superamphiphilicity. UW-DOT functioned just by immersing the treated fabric in 
water, without pre-wetting with oil. Because of the underwater superamphiphilicity, 
no plastron layer water formed on the fabric when it was immersed in water. We 
further showed that such a UW-DOT can be used for water-oil separation. When 
oil is collected by the collector sealed with underwater directional oil transport 




7.2 Suggestions for future work 
To continue the study in this thesis, the following directions are suggested to be 
followed: 
1) Since PDA pre-treatment can improve the adhesion of magnetic nanoparticles 
on surface, it should be suitable virtually for immobilization of other types of 
nanoparticles such as ZnO nanoparticles, Ag nanoparticles, and TiO2 nanoparticles. 
Different nanoparticles will endow fabric with various different functionalities. 
As the 10 cycles of the property of reusability is not so sufficient for practical 
application, it is kindly suggested to study further for promoting the reusability of 
such fabrics. 
To give more evidences and testing data for supporting the possible polymerization 
mechanism of dopamine and chemical reactions on the surface of PDA modified 
fiber. 
2) The amphibious superamphiphilicity fabric has great potential for oil recovery 
and other innovative applications. Further experiments can be undertaken to 
evaluate the practical applications of amphibious superamphiphilicity fabrics for 
oil/water separation. 
The underwater spreading times for some oils are not very good, such as soybean 
oil, olive oil, hexadecane, diiodomethane. More effort is needed to improve the 
underwater superamphiphilic. 
3)Future work will focus on systematic study of the underwater directional oil 
transport fabrics and their applications for oil collection. 
The mechanism of underwater directional oil transport is not very clear, which 
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